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ABSTRACT 
 
Author: K.M Badenhorst 
 
Title: The Simulation of Vehicle Engine Cooling in a Climatic Chamber 
 
The simulation of vehicle engine cooling validation in a Climatic chamber will benefit all vehicle 
manufacturers that are responsible for the design or the localization of parts used in a vehicle‟s 
engine cooling system. The ability to test the vehicle in-house allows testing at any time of the 
year; it provides repeatable and comparative data, and accelerates component level approval, 
which in itself reduces program timing and cost. 
For this dissertation road level testing was conducted in Upington using a TD1200 Superflow 
towing dynamometer, while the in-house testing was performed on a ROTOTEST chassis 
dynamometer in a Climatic chamber. 
All tests were conducted according to GENERAL MOTORS SOUTH AFRICA global testing 
standards. 
Statistical analyses of the test data were used to determine the relationship between 
parameters measured and results obtained.  
The major contributors to the simulation process was identified and implemented to improve 
measurement quality and test results.     
The result was an accurate simulation between road and chamber testing, hence the possibility 
of moving away from road testing and conduct simulated chamber testing. 
 
The presented dissertation is useful for the understanding of basic vehicle cooling testing and 
the methodology of simulated testing in an environmentally controlled chamber. 
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GLOSSARY OF TERMS 
A 
Air to boil water value (ATBw) 
It is a calculation of the minimum air temperature required to boil the coolant mixture of the 
cooling system. This value must be ≥ 50°C. 
 
Aerodynamic Drag 
It is the force on an object that resists its motion through air. 
 
C 
Centrifugal Fan 
It is a mechanical device for moving air or other gasses. It has a fan wheel composed of a 
number of fan blades, or ribs, mounted around a hub. The hub turns on a driveshaft that 
passes through the fan housing. The gas enters from the side of the fan wheel, turns 90 
degrees and accelerates due to centrifugal force as it flows over the fan blades and exits 
the fan housing. 
 
Chassis Dynamometer 
A device that measures the amount of power translated from the wheels to the racing 
surface. 
 
Climatic Chamber 
It is an environmentally controlled room where parameters such as temperature, wind 
speed, humidity and sun load can be adjusted and controlled. 
 
 
xix 
 
 
Condenser 
It is a heat exchanger that cools down and condenses incoming refrigerant vapour into 
liquid. 
 
Coolant 
Is a fluid which flows through an engine to prevent it from overheating, transferring the heat 
produced by the engine to other devices that use or dissipate it. An ideal coolant has high 
thermal capacity, low viscosity, is low-cost, non-toxic, and chemically inert, neither causing 
nor promoting corrosion of the cooling system. Also known as heat transfer fluid. 
 
Cooling Fan 
A radiator cooling fan is used to draw the air towards the radiator and help in the cooling 
process. The radiator fan has four or more blades that spin rapidly to provide sufficient air 
that would cool the engine. It is usually mounted between the radiator and the engine so 
that the air can easily reach the radiator.  
 
G 
Gradient 
It is the measure of the steepness of a road, also known as slope. 
 
Gross Combination Vehicle Mass 
Gross Combination Mass is the accepted safe, maximum allowable total mass of a fully 
loaded motor vehicle and all of its trailers. 
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Gross Vehicle Mass 
Gross Vehicle Mass is the accepted safe, maximum allowable total mass of a fully loaded 
motor vehicle. It consists of the kerb mass (mass of the vehicle itself with all operating 
fluids) plus the payload. 
 
I 
Inclination Force 
See „tractive effort‟ for description 
 
Intercooler 
An intercooler  or charge air cooler, is an air-to-air or air-to-liquid heat exchange device 
used on turbocharged and supercharged (forced induction) internal combustion 
engines to improve their volumetric efficiency by increasing intake air charge density 
through nearly isobaric (constant pressure) cooling. A decrease in air intake temperature 
provides a denser intake charge to the engine and allows more air and fuel to be 
combusted per engine cycle, increasing the output of the engine. Intercoolers increase the 
efficiency of the induction system by reducing induction air heat created by the turbocharger 
and promoting more thorough combustion.  
 
K 
Kerb Mass 
A vehicles kerb mass is the mass of the vehicle in running order, unoccupied and unladen 
with all fluid reservoirs filled to their nominated capacity. All standard vehicle equipment is 
also included in the kerb mass. 
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P 
Payload Mass 
A vehicles‟ payload is the maximum capacity of the vehicle for the transport of all non-
standard items including the vehicles body (tray, tipper, van etc), the cargo itself, occupants 
and optional equipment and accessories (bull bars, spot lights, roof racks, tow bars etc) 
 
Pitot - static tube 
A pitot tube is a pressure measurement instrument used to measure fluid flow velocity. It 
is widely used to determine the velocity of air flowing through a duct. The Pitot tube 
measures dynamic pressure, which is the difference between the stagnation pressure and 
the static pressure. The static pressure is generally measured using the static ports on 
the side of the fuselage. Instead of static ports, a Pitot-static tube (also called a Prandtl 
tube) may be employed, which has a second tube coaxial with the Pitot tube with holes on 
the sides, outside the direct airflow, to measure the static pressure. 
 
R 
Radiator 
It is a heat exchanger used to transfer thermal energy from one medium to another for the 
purpose of cooling. The automobile radiator transfers the heat from coolant mixture to the 
surrounding air.  
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Rolling Friction / Resistance 
It is the rolling resistance that occurs when a round object such as a tyre rolls on a flat 
surface. It is caused mainly by the deformation of the tyre, the deformation of the surface, or 
both. Additional contributing factors include wheel radius, forward speed, surface adhesion, 
and relative micro-sliding between the surfaces of contact. It depends very much on the 
composition of the tyre and the type of surface. 
 
S 
System Ambient Capability (SAC) 
It is a calculation of a cooling system ambient temperature capability. It represents the 
lowest value recorded during a test mode.  
For South African conditions this value must ≥ 40°C. See Equation 12. 
 
T 
Tare mass 
This is the mass of an unladen vehicle, i.e. the mass you will use to calculate the vehicle's 
load. 
 
Thermostat 
A thermostat is a device for regulating the temperature of a cooling system so that the 
system's temperature is maintained near a desired set point temperature. It does this by 
regulating the flow of a heat transfer fluid as needed, to maintain the correct temperature.  
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Towing Dynamometer 
A towing Dynamometer is a trailer like device that measures drawbar pull behaviour to 
simulate all types of road grade, wind drag, and inertial loads. It can simulate loads on a 
straight road without driving to mountains. It is used to stress test a vehicle‟s cooling system 
or transmission. It consists of a streamlined fibre glass body mounted on a specially 
designed chassis that incorporates an eddy current absorber connected to the differential of 
the trailer. The eddy current absorber applies load to the differential and thus braking the 
trailer through the drive axles.   
 
Tractive Effort 
It is a force calculated from basic principles taking into account the application mass, the % 
road grade, vehicles gearing ratio, vehicle speed and tyre to road properties.  This force is 
then applied by the dynamometer to simulate a vehicle driving at the required mass and  
up a steep incline. The Towing dynamometer applies this force to the vehicle tow bar and 
the ROTOTEST dynamometer applies this force to the vehicle‟s wheel hubs. 
 
V 
Vane Anemometer 
A vane anemometer is a type of anemometer that measures wind speed. It uses a small 
fan that turns by air flowing over the vanes. The speed of the fan is measured by a rev 
counter and converted to a wind speed by an electronic chip. Hence, volumetric flow rate 
may be calculated if the cross-sectional area is known. 
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Viscous / Viscous Fan 
It is a thermostatic clutch device that exists as an integral component of certain automotive 
cooling systems. When the engine is cool or even at normal operating temperature, the 
fan clutch partially disengages the engine's mechanically-driven radiator cooling fan, 
generally located at the front of the water pump and driven by a belt and pulley connected 
to the engine's crankshaft. This saves power, since the engine does not have to fully drive 
the fan. 
However, if engine temperature rises above the clutch's engagement temperature setting, 
the fan becomes fully engaged, thus drawing a higher volume of ambient air through the 
vehicle's radiator, which in turn serves to maintain or lower the engine coolant temperature 
to an acceptable level. 
Most fan clutches are viscous or "fluid" couplings, combined with a bi-metallic sensory 
system similar to that in a thermostat. 
 
W 
Water Pump 
A water pump is an important part of the engine cooling system. It provides circulation of 
the engine coolant mixture through the cooling system. It pushes the coolant through the 
passages (water jackets) in the engine cylinder block and cylinder head and then out into 
the radiator. This helps to keep the engine from overheating; the hot coolant passes 
through the radiator where it cools down and then returns back to the engine.  
A water pump is usually driven by the engine through the timing belt and consists of the 
housing with the shaft rotating on the bearing pressed inside. At the outer side there is a 
pulley mounted on the shaft. At the inner side there is a seal to keep the coolant from 
leaking out and the impeller that acts like a centrifugal pump. 
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CHAPTER 1 
INTRODUCTION 
 
1.1  PREFACE 
 
The dissertation is geared to assist GENERAL MOTORS SOUTH AFRICA to achieve 
accuracy with its in-house testing facility, more specifically with engine cooling validation. 
The simulation of engine cooling will ultimately maximize the resources currently available, 
directly reduce cost and increase confidence level to all parties involved.  
Currently, vehicle cooling testing is conducted in Upington, which involves travelling, long 
term accommodation, extensive man-hours and is constrained to time and weather. 
 
1.2  BACKGROUND 
 
The in-house testing facility, known as Climatic Chamber is a test room that is 
environmentally controllable. Parameters such as temperature, humidity, wind speed and 
sun load can be adjusted and controlled, through manual input. It makes sense to have this 
chamber operational for cooling testing. 
Testing in the chamber however, has for some time been a grey area for all engineers due 
to dynamometer limitations. The previous rolling road dynamometer could only hold 
vehicles with a power output of less than 100kW. Slippage caused between tyres and 
dynamometer rollers played a major role in the simulation accuracy. 
For this reason the chamber was upgraded, which included the installation of a state of the 
art dynamometer, new PC‟s and new test software. The investment has changed the 
perspective of the chamber and has forced the move to more precise testing
Chapter 1  Introduction 
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1.3  PROBLEM STATEMENT 
It is possible to achieve good simulation accuracy in the Climatic chamber, by adjusting the 
chamber parameters to match the ambient conditions experienced with on road testing. The 
parameters are limited though to temperature, humidity, wind speed and sun load only. 
The chamber cannot simulate fluctuations in measurement which is normally the case with 
testing in ambient environment. For this reason only the stabilized data will be used for 
comparison. 
The following are possible factors that may limit the simulation accuracy compared to actual 
road testing in the Chamber  
(The highlighted factors are major contributors) 
 Road surface temperature (Currently not simulated in the chamber – Needs 
investigation) [16] 
 Irregular wind characteristics (Change in wind direction) 
 Altitude differences  
 Fluctuations in temperature (Changes in Ambient) 
 Humidity variations  
 Cloud formation (Causes a sudden drop in temperature – Chamber simulates 100% 
sun load) 
 Changes in road inclination (Adds additional load if more throttle is applied, which 
in turn increases the tractive effort) 
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1.4  HYPOTHESIS 
Testing in the Climatic Chamber with the new dynamometer needs to be fully investigated 
before part approval testing can commence. The project will provide critical information for 
the integration into the existing cooling test programs. The goal is to conduct testing on road 
in Upington and to record all the ambient conditions and test data, then to adjust the 
chamber parameters according the Upington ambient conditions and repeat the cooling 
tests using the same test modes conducted in Upington. The results will then be compared. 
If the load application between the two dynamometers stay constant and the chamber 
parameters are accurate enough to match the Upington ambient conditions, there should be 
no reason why accurate simulation in the Climatic Chamber is not possible and that testing 
in the Climatic Chamber can replace road testing in the future. 
 
1.5   DELIMITATION OF RESEARCH 
The project will be limited to parameter investigation and measurement specifically for 
cooling testing simulation in the Climatic Chamber and Road only. It was decided to only 
apply the running test modes, which has the largest affect on the cooling system. The idle 
soak and hot soak modes theoretically should be the same, due to factors such as wind 
speed and dynamometer load not being applied. 
 
1.6   ASSUMPTIONS OF RESEARCH 
It is assumed that cooling testing simulation in a Climatic chamber can be conducted on any 
vehicle as long as the research proves that the comparative results of road and chamber is 
within an acceptable margin according to GENERAL MOTORS SOUTH AFRICA Global 
Test Standards. It will then also be deemed acceptable for testing in the chamber for part 
approval and SUP validation. 
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1.7   THE SIGNIFICANCE OF THE RESEARCH 
 In this research, the main purpose of this project is to achieve simulation accuracy 
for cooling testing in the Climatic chamber.  
 Another significant aspect of the research is to measure all adjustable parameters in 
the chamber and to compare these to actual road conditions. 
 The commissioning, training and application of the ROTOTEST dynamometer to 
cooling testing. 
 Conducting vehicle level tests in Upington and in the Climatic chamber and 
comparing results. 
 
1.8   METHODOLOGICAL JUSTIFICATION 
Before the main research testing can be conducted, the chamber has to be fully operational 
with all adjustable parameters in working order. 
The new dynamometer has to be tested to determine whether it is capable of holding a 
vehicle at the various cooling modes listed in the global cooling test program. 
Testing has to be performed in Upington and in the Climatic chamber using the following 
two vehicles both are Isuzu KB300 High Output 4x4 Double Caps with the only difference 
being manual and automatic transmissions for both conditions. For the road testing results 
to be successful the ambient condition must be ideal as prescribed by GENERAL MOTORS 
SOUTH AFRICA Global testing standards. 
The road testing measurements and results will then be used as a baseline. A flow diagram 
showing the research approach is shown in Figure 1.1. 
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Figure 1.1: Flow diagram of the planned research 
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1.9 SUMMARY 
The research project makes perfect business sense. All efforts will directly benefit 
GENERAL MOTORS SOUTH AFRICA‟s business case and will provide insight to new 
levels of testing, show improved data quality and speed up the decision making process for 
part approval. The project will also introduce Nelson Mandela Metropolitan University to 
vehicle testing with the ROTOTEST dynamometer, which is unique in South Africa. The 
chapters to follow will provide a theoretical and practical approach to the world of vehicle 
cooling validation.  
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CHAPTER 2 
LITERATURE REVIEW 
2.1 INTRODUCTION 
2.1.1 The construction of a vehicle cooling system 
 
This system maintains the engine at its most efficient operating temperature. If the system 
performance allows this operating temperature to increase it could result in the breakdown 
of lubrication oil films, resulting in undue wear and possible seizure of working parts. The 
opposite is also not acceptable where the system is too perfect and the operating 
temperature too low, this will reduce thermal efficiency and therefore increase fuel 
consumption, oil dilution and hasten corrosion wear of the engine. It is in fact a perfect 
balance in allowing the engine to heat up quickly when cold and efficiently reject heat under 
normal operating temperature, but also effectively absorbing heat when the engine is put 
under load. The engine cooling system consists of the radiator, the water pump, the cooling 
fan, and the thermostat. To quickly increase cold engine coolant temperature for smooth 
engine operation, the coolant is circulated by the water pump and thermostat through the 
bypass pipe and back to the cylinder body. The coolant does not circulate through the 
radiator. When the coolant temperature reaches the specified value, the thermostat will 
begin to open and gradually increase the amount of coolant that will circulate through the 
radiator. The thermostat will be fully open when the coolant temperature reaches the 
specified value. All the coolant is now circulating through the radiator for effective engine 
cooling. [1] 
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Figure 2.1: The coolant flow diagram of a vehicle’s cooling system 
[2] [3]
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2.1.2 What is PTC? 
 
Power train cooling is a vehicle engineering function, which involves the testing and 
development of vehicle cooling systems. It forms part of the generic worst-case validation 
requirements for local approval testing to minimise test variants with country of origin. All 
vehicles have mass requirements, which affect the vehicle‟s cooling system significantly. These 
load carrying capacities appear on the vehicles‟ license disc and owner‟s manual. The GCM 
load can be found in the owner‟s manual, whereas the GVM and Tare mass values appear on 
the vehicle‟s license disc. 
It is absolutely essential that a vehicle meets its load requirement to avoid expensive warranty 
claims after its release in the market.  
Any cooling system must meet the following requirements: 
 All components must meet their specific intended design.  
This may include: The radiator heat rejection, cooling system pressure, cooling fan 
efficiency, thermostat opening temperature and water pump flow rate. 
 The system parameters and their programmable sequence controlled via ECU needs to 
be verified and modified if found ineffective to meet the local conditions. 
 The system needs to be tested under its maximum load carrying capacity. This might be 
GVM or GCM depending whether the vehicle has a towing capability. 
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2.1.3 Method for testing a cooling system [4] 
 
 
Each vehicle is tested to a specific test procedure, which is unique to its country of origin. All 
loads applied must comply with the vehicle‟s capability to prevent unnecessary damage to the 
vehicle.  
There are three methods for testing a vehicle‟s cooling system: 
a) Physically loading the vehicle and trailer with watermen and sand bags and then driving 
the vehicle on a planned route through steep mountain passes in a high ambient 
temperature.  
b) Simulating the above with a towing dynamometer on a straight and flat road in a high 
ambient temperature.  
c) Testing the vehicle on a chassis dynamometer in a Climatic controlled environment. 
Table 2.1: Methods for testing a cooling system investigated 
Test method Benefits Disadvantages 
a 
1. Real life data 1. Weather dependent  
2. Only successful if most severe route is 
selected 
3. Difficult to compile a proper report 
(more subjective) 
4. Expensive travel and accommodation 
b 
1. No route required. 
2. More severe than real life data 
1. Weather dependent  
2. Expensive travel and accommodation 
c 
1. Not weather dependent 
2. No route required. 
3. More severe than real life data 
1. The system must comply with real life 
parameters such as: temperature, wind 
speed, humidity and dyno loading 
 
From Table 2.1 it is obvious that if we can get the Climatic chamber to operate efficiently we can 
simulate testing at various speeds, gradients and temperature to eliminate expensive testing 
and to provide testing capabilities throughout the year. 
Testing in the chamber will also improve back to back testing to allow for faster part approvals 
reducing program timing and cost. 
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2.2 ROAD TESTING 
 
2.2.1 Test location  
 
Engine cooling tests under specific road-load conditions are conducted in Upington in the 
Northern Cape due to its extremely hot temperatures during summer.[5] 
The testing is conducted on the road leading to Namibia or on the road leading to Spitskop 
Game Park and is selected according to wind direction.  
 
Figure 2.2 Google Map of Upington test roads 
[6]
 
It is ideal to test with no wind, but is not always possible. The basic requirement for wind speed 
is 16km/h and less. The wind direction must always be perpendicular to the vehicle to avoid 
assisting the cooling system.  
 
Namibia Road 
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2.2.2 Test equipment used 
 
It is very important to measure and record in as much detail as possible the ambient conditions 
while testing on the road. This includes detail such as the sky description (cloudy, full sun), wind 
direction, wind speed, road and ambient temperature etc. This data can be useful in solving 
customer field complaints at a later stage.  
The vehicle test measurements can be divided into two groups: 
i. Manual method through handheld devices and observation. 
ii. Automatic method through a data recording system. 
Both methods are required to conduct a standard vehicle cooling test. 
 
i. Manual method: (See Appendix A for equipment specification and description) 
Tech II (Vehicle Diagnostic Tool) – Used to monitor engine and transmission data. 
Data monitored: 
 Engine Speed (rpm) 
 Throttle position (%) 
 Engine load (%) 
 Air intake Temperature (°C) 
 Transmission selection (Gear number) 
This diagnostic tool is also used to scan the ECU for fault codes before the start of the test. 
 
AF210 Hotwire Anemometer – Used to measure outside ambient temperature in (°C), wind 
speed in (m/s) and wind direction. 
 
Fluke 62 Mini Infrared Thermometer – Used to measure road surface and vehicle roof 
temperature in °C.  
The road surface temperature is purely for academic measurement. 
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The vehicle roof temperature is needed to determine vehicle soak condition. The vehicle should 
be left in the sun until the interior temperature is equal to ambient temperature.  
 
Observation – The environmental conditions at the time of testing must be described such as 
Cloud cover / Clear skies etc. 
 
Tom Tom XL (GPS) – Used to verify that the towing dynamometer road speed is conditioned 
accurately.  
 
TD1200 Super-flow towing dynamometer – This trailer is used to brake the vehicle at a given 
speed and force. The data for speed and force is pre-calculated to simulate a given gradient 
according to the test mode described in the test procedure. The operator must ensure that the 
vehicle is preconditioned to engine at operating temperature and throttle is kept constant at the 
specified vehicle speed and calculated dynamometer load parameter.  
 
ii)  Automatic Method: (See Appendix A for equipment specification and description) 
Fluke Hydra Series II (Data acquisition system) – This logging device is used to measure and 
record all probes connected to the vehicle that measure temperature, pressure, voltage and 
frequency. 
Table 2.2 represents the typical probe positions for a standard cooling test: 
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Table 2.2: Typical probe positions for a standard cooling test 
[7]
 
Channel No. Channel Description Unit Position Description 
1 Radiator Top Tank C Top Hose (Radiator In) 
2 Radiator Bottom Tank C Bottom Hose (Radiator Out) 
3 Radiator Front C Between condenser and radiator 
4 Radiator Rear C Between radiator and engine 
5 Engine Oil (Gallery) C See Figure 3.4 
6 Automatic Transmission Fluid C TBD 
7 Outside Ambient C Chamber / Roof mount 
8 Expansion Bottle C Through lid 
9 Intercooler In C Between the turbo charger and 
the intercooler 
10 Intercooler Out C Between the intercooler and the 
engine intake 
11 Cooling System Pressure kPa Tap into top hose 
12 Condenser Fan VDC Fuse Box 
13 AC Compressor VDC Fuse Box 
14 AC Low Pressure Bar AC low pressure line 
15 AC High Pressure Bar AC high pressure line 
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2.3 CLIMATIC CHAMBER   
  2.3.1 The architecture of a Climatic chamber 
 
 
Figure 2.3 Picture flow diagram of the environment chamber air preperation and supply
Boiler 
Steam Control Valve 
Cooling Tower 
Ram Air Supply 
Wind speed, temperature and humidity sensors 
Fresh air supply 
Heater Banks  
1, 2 or 3 
Radiators + Steam tube 
Chamber Outlet 
duct  
OUTPUT 
Anemometer 
Humidity & temperature 
transmitter 
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Figure 2.5 picture summarises the operation of the Climatic chamber.  
The chamber has various circuits to control the required ambient conditions selected by the 
operator. The red arrows indicate the heat and steam supplied, while the blue arrows show the 
cool air or fresh air path. All these sources are drawn in via the Ram air and supplied to the 
environmental chamber to achieve the basic cooling validation requirements for temperature, 
humidity. These parameters as well as wind speed and sun load are selected on the control 
panel by the operator see Figure 2.6 for set-up screens and parameter adjustment. The 
chamber temperature is achieved by switching on 1, 2 or 3 heater banks depending on the set-
point temperature entered by the operator. For cooling validation all three heater banks are 
normally switched on due to the high temperature requirement of 40°C. The system does this 
automatically. The temperature is then controlled around the set-point via a sensor located in 
the ram air outlet duct. The information from this sensor determines the adjustment on the 
cooling air supply and thus stabilising the chamber at the required set-point temperature. 
The chamber humidity is achieved by switching on the boiler, which generates the steam, and 
then through valve control, moves the steam to the ram air inlet room. The humidity is controlled 
via a sensor located in the ram air outlet duct. The information from this sensor determines the 
valve adjustment for steam supply. The wind speed is generated by a large centrifugal fan. This 
fan simulates the wind speed at a specific vehicle speed and in doing so supplies the chamber 
with the required ambient condition for temperature and humidity. The wind speed supplied by 
the fan is controlled via an anemometer located in the outlet ram air duct. The information from 
the anemometer determines the speed control input to the fan motor. The sun load is achieved 
by switching on the individual sun soak lamp switches located on the control panel. The sun 
soak lamps are mounted on a cradle and supply a heat source of 1kW/m2 each. The cradle 
height can be adjusted via the control panel. See Figure 2.6 for set-up and operation.  
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2.3.2 Climatic chamber control panel 
 
Chamber settings for temperature, wind speed and humidity 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Picture flow diagram of the chamber control panel 
Setup Parameters Screen 
Status Display Screen 
Climatic Chamber Control Panel 
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2.3.3 Sun soak simulation 
 
Sun load 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Picture flow diagram of the sun soak control
Sun Soak Lamps Switch Panel 
Each switch represents a row of sun soak lamps.  
Height Adjustment Screen for Sun Soak Lamps 
Up 
Down 
Sun Soak Lamp -1kW/m2 
On 
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2.3.4 The capability of parameter control 
 
2.3.4.1 Chamber Temperature: 
The chamber can be set to a max controllable temperature of 50C.  
Current test procedures only require temperatures up to 45C 
The accuracy was measured and found to fluctuate within ±2C of any given set point.  
 
2.3.4.2 Wind Speed: 
Air speed simulation (Ram Air): 30 – 140 km/h  
The accuracy has not yet been established.  
The wind speed however relies on manual input data and not actual vehicle speed.  
 
2.3.4.3 Humidity: 
Accuracy 75% @ 28C and 50% @ 38C 
 
2.3.4.4 Sun Load: 
Max. Vehicle Interior Temperature approx. 70C (27 X 1kW bulbs) 
 
2.4 COST COMPARISON BETWEEN CHAMBER AND ROAD TESTING 
 
The cost saving spreadsheet shown on the next page, compares the cost associated with 
chamber and road testing, clearly indicates the financial benefit of investigating the accuracy of 
chamber testing
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Table 2.3: Cost comparison between chamber and road testing 
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2.5 SUMMARY  
This chapter looked at the construction and the method for testing a vehicle‟s cooling system. It 
also introduced the equipment needed to validate the system. It explained the comparisons 
between road and chamber testing and ended off with a cost analysis that indicated a 
considerable cost saving for moving from road to chamber testing. 
The Global Market Analysis for vehicle cooling systems is discussed under Appendix F. It 
questions the need for traditional cooling systems in the future. 
The next chapter will cover the setup for a standard cooling test.  
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CHAPTER 3  TEST SETUP 
 
3.1 INTRODUCTION 
 
The data collected from a cooling test is very important for future reference. It is for this reason 
that cooling test preparation and setup has become an in-house standard. Applying the same 
probe positions and conducting the test modes systematically has improved our reliability and 
repeatability of test data. Tests can now be compared to other countries even though different 
equipment was used. It is unfortunately not a fool proof system, but the basic criteria covered in 
this chapter does bridge the gap. 
 
3.2 TEST REQUIREMENTS  
  
The test procedure used for all Isuzu vehicle derivatives is described in Table 3.1 190/GMT 
355 Design Criteria. This table does not describe the test method in detail, but lists all the 
main cooling requirements.  
The South African conditions fall under the „Other‟ column, highlighted in yellow 
Environment requirements - See Table 3.1 (Table-1) 
Test Ambient = 40°C 
Sun Load = 900W/m2 
Road Surface Temperature = 80°C 
Humidity = 40% 
Coolant / Water mixture: 35%, but GENERAL MOTORS SOUTH AFRICA has a standard of 
50% Glycol 50% Water. 
AC setting: Full cold setting, maximum blower fan speed, in face selection and with fresh air.  
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Test mode requirements - See Table 3.1 (Table-2) 
For this dissertation we are using a KB300 HO Double Cab 4x4 Manual, which is a diesel 
derivative. Thus the highlighted section of Table 2 is used: 
Mode 1: 10% MS @ 32km/h 
Mode 2: 10% MS @ 60km/h 
Mode 3: Hot Soak (GENERAL MOTORS SOUTH AFRICA requirement) 
Mode 4: 7.2% MS @ 80km/h 
Mode 5: 5% MS @ 112km/h 
Mode 6: RL @ Vmax 
Mode 7: Hot Idle 
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Table 3.1 – 190/GMT 355 DESIGN CRITERIA 
[8]
 
General Motors requirement 
Inlet air mode: Outside Air Mode / Fresh air for 
all regions except Middle East.  
Recirc Air Mode for Middle East  
 
 
Chapter 3  Test Setup 
25 
 
 
3.3 VEHICLE PREPARATION 
3.3.1 Type K Thermometry  
Type K thermocouples are known as base metal thermocouples and falls under the most 
commonly used category of thermocouple. The conductor materials in base metal 
thermocouples are made of common and inexpensive metals such as Nickel, Copper and 
Iron. The Type K thermocouple has a Chromel positive leg and an Alumel (Nickel- 5% 
Aluminum and Silicon) negative leg. The temperature range for Type K is -201 to 1260°C 
and its wire color code is yellow and red. [9] 
Figure 3.1 shows the type K thermometry used for cooling validation 
 
Figure 3.1 Type K thermometry used for cooling validation  
1 – B10K Thermocouple Wire 
2 – A40K Wire Thermocouple Wire 
3 - MALE MINI PLUG H110K 
4 - FEMALE MINI PLUG H120K 
5 - K Thermocouples 3.2 x 100mm (5m) A40K 
6 - K Thermocouples 3.2 x 150mm (5m) A40K 
7 - Compression fitting Brass (1/8th x ¼ inch) 
1 7
  1 
2 6 5 4 3 
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3.3.2 Vehicle probe positions 
 
Figure 3.2 Under-bonnet view of thermocouple routing 
 
Figure 3.2 is a photo taken of the thermocouple routing for typical probe positions for a standard 
cooling test (See Table 2.2) 
The routing of the thermocouple wire is very important. The objective is to avoid moving or 
rotating parts and high heat surfaces. The wire is also routed so that when the engine rocks, it 
has enough slack to avoid putting tension on the wires that might cause permanent damage, or 
an interruption on recorded readings.  
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Figure 3.3 is the photographical display of various probe positions for radiator and condenser 
preparation. 
3.3.2.1 Radiator and condenser preparation: 
 
 
Figure 3.3 Radiator and Condenser preparation 
i. Radiator Top Tank Temperature 
The temperature probe is placed in the radiator‟s top hose, thus measuring the temperature of 
the coolant mixture coming from the engine.  
Also known as the radiator inlet temperature. 
The probe used is a Type K Thermocouple 3.2 x 100mm (A40K) in combination with 
Compression fitting Brass (1/8th x ¼ inches) 
Flow direction of coolant 
i 
ii 
Flow direction of coolant 
F 
iii 
iv 
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ii. Radiator Bottom Tank Temperature 
The temperature probe is placed in the radiator‟s bottom hose, thus measuring the temperature 
of the coolant mixture returning back to the engine. Also known as the radiator outlet temp. 
The probe used is a Type K Thermocouple 3.2 x 100mm (A40K) in combination with 
Compression fitting Brass (1/8th x ¼ inches) 
 
iii. Radiator Front Temperature 
The temperature probe is placed through the condenser core, thus measuring the temperature 
between the Condenser and Radiator cores. 
The probe used is a B10K Thermocouple Wire. The wire is cable tied either side of the 
condenser core to avoid any movement. 
 
iv. Radiator Rear Temperature 
The temperature probe is placed through the radiator core, thus measuring the temperature of 
the air moving towards the engine. 
The probe used is a B10K Thermocouple Wire. The wire is cable tied either side of the 
condenser core to avoid any movement. 
The radiator front and rear temperatures are required to determine the radiator heat transfer 
rate.  
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3.3.2.2 Engine Oil (Gallery) Measurement: 
  
  
Figure 3.4 Engine oil gallery measurement preparation 
 
v. Engine Oil (Gallery) Measurement  
The temperature probe is placed in the oil gallery line after the oil cooler. The illustration above 
shows the method of installation.  
The probe used is a Type K Thermocouple 3.2 x 100mm (A40K) in combination with 
Compression fitting Brass (1/8th x ¼ inches). 
 
 
Drill hole thru banjo bolt into oil channel 
 
Insert probe until tip of probe can be seen 
thru oil channel hole  
 
 v 
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3.3.2.3 Ambient measurement: 
 
Figure 3.5 Preparation for Ambient measurement 
 
vi. Ambient Temperature (Chamber Ambient / Outside Ambient)  
Chamber Ambient – The temperature probe is placed at the exit of the wind supply duct before 
wind moves through vehicle grille. 
The probe used is a B10K Thermocouple Wire.  
Outside Ambient – The temperature probe is placed inside an ambient bracket specially 
designed to avoid any heat influence received from the vehicle body and sunlight. It must purely 
measure the wind temperature experienced by the Condenser. This method of probe placement 
has significantly improved the quality of data received. 
The probe used is type K thermocouples 3.2 x 100mm (A40K) 
 
 
 
 
 
 
 
 
vi 
vi 
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3.3.2.4 Expansion Bottle Temperature: 
 
 
Figure 3.6 Expansion bottle temperature measurement preparation 
 
vii. Expansion Bottle Coolant Temperature 
The temperature probe is placed through the lid of the bottle and dropped down until fully 
submerged in the coolant. It measures the temperature of the coolant when expanded through 
the pressure cap. It is a good indication for cap holding pressure and cooling performance. It is 
normally of importance during idle and hot soak modes. 
 
3.3.2.5 Intercooler Temperature Measurement: 
An intercooler is placed in the airflow path between the turbocharger and the engine intake in 
order to cool the air after it has been compressed by the turbo. The compressed air heats up. 
By cooling it back down, the air becomes denser. This means more air molecules go into the 
cylinder. When this dense air mixes with the proper amount of fuel, the engine power is 
increased significantly, compared to a non-intercooled engine.  
 
 vii 
When radiator 
pressure cap 
releases pressure 
the coolant flows to 
expansion bottle Expansion Bottle 
Radiator Pressure Cap 
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Figure 3.7 Intercooler temperature measurement preparation 
 
viii. Intercooler In Temperature 
The temperature probe is placed between the turbo charger and the intercooler. The probe 
used is a Type K Thermocouple 3.2 x 100mm (A40K) in combination with Compression fitting 
Brass (1/8th x ¼ inches) 
 
ix. Intercooler Out Temperature  
The temperature probe is placed between the intercooler and the engine intake. The probe 
used is a Type K Thermocouple 3.2 x 100mm (A40K) in combination with Compression fitting 
Brass (1/8th x ¼ inches) 
 
viii 
ix 
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3.3.2.6 Cooling System Pressure: 
 
Figure 3.8 Cooling system pressure preparation 
 
x. Cooling System Pressure 
The pressure transducer is placed on the radiator top hose at the same position as the radiator 
top tank temperature probe. 
The transducer used is a 10bar (0 -10V output) 
 
3.3.2.7 Condenser Fan and Aircon Compressor Signal Voltage: 
The measurement of fan and compressor voltage is taken from inside the fuse box located in 
the engine bay. Wires are connected to the output port of the individual relays. This eliminates 
tapping into sealed plug connections. Also shorter wires are needed which simplifies the routing 
of the wires. For cooling, it is important to know when the fan and compressor kick in and out to 
determine whether they meet the design parameters.  
 
 
 
 
 
 x 
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Figure 3.9 Top view of the fuse box with the lid removed 
 
 
Figure 3.10 Connection of Condenser fan signal voltage 
 
xi. Condenser Fan Signal Voltage 
 
xi 
Chapter 3  Test Setup 
35 
 
 
 
Figure 3.11 Connection of AC Compressor fan signal voltage 
xii. AC Compressor Signal Voltage 
 
3.3.2.8 Pressure measurement of Air-conditioner system: 
 
Figure 3.12 AC pressure measurement preparation 
xiii. AC Low Pressure 
The pressure transducer is placed on the low pressure line. 
The transducer used is a 10bar (0 -10V output) 
xiv. AC High Pressure 
The pressure transducer is placed on the high pressure line. 
The transducer used is a 60bar (0 -10V output) 
xiii 
xiv 
xii 
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3.4 CALCULATIONS FOR COOLING TEST MODES 
The test vehicle specifications are required for the calculation of the cooling test modes. 
For this dissertation the test vehicle selected was an Isuzu KB300 HO Double Cab 4x4 LX 
Manual. 
3.4.1 Vehicle Specifications [10]: 
Engine: 
Engine Capacity (cc):   2999 
Cylinders:    4 
Compression:    17.5:1 
Bore x Stroke:    95.4 x 104.9 
Fuel Type:    Diesel 
Fuel Supply – Injection System: Common Rail 
Power (kW) @ rpm:   120@3600 
Torque (N.m) @ rpm:   360@1800-2800 
 
Transmission: 
Gear Ratio: 1st   4.326 
Gear Ratio: 2nd   2.557 
Gear Ratio: 3rd   1.490 
Gear Ratio: 4th   1 
Gear Ratio: 5th   0.795 
Axle Ratio: Final Drive 3.727 
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Masses:  
GVM (kg) 2900 
GCM (kg) 4000 
Tare (kg) 2000 
Payload (kg) 900 
Legal towing capacity (kg): Unbraked Trailer  750 
Legal towing capacity (kg): Trailer with overrun brake 1100 
 
Aerodynamic: 
Frontal Area:  2.632 m2 
Drag Coefficient: 0.45 
 
Table 3.2 Main data and specification of the cooling system of an Isuzu KB300 HO 
[3]
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3.4.2 Sample Calculation for dynamometer set-points: [4,11] 
 
The selected sample calculation mode is test mode 3, which is a 7.2% Mountain simulation at 80km/h. The following grade load 
spreadsheet is used in cooling validation and uses the vehicle details and test mode requirements as input data and returns the tractive 
effort for the ROTOTEST and the towing dynamometer respectively. Each test mode uses this spreadsheet with only the gradient and 
vehicle speed input changed. 
 
Table 3.3 Cooling test grade load data sheet 
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The following calculation shows the method of calculation of the values seen in the cooling 
test grade load data sheet. 
Gradient / Slope 
 
Figure 3.13 Road Gradient  
Given:  
Grade = 7.2% (from GENERAL MOTORS SOUTH AFRICA test procedure – Table 2 Die) 
                        
            
 
      °                                                                             
Aerodynamic Drag 
Given:  
CD = 0.45 (VTC) 
A = 2.632m2 (VTC) 
q = 1.2kg/m2 (Properties of air at sea level) 
V = 80km/h → 
  
   
         
                 
 
 
         
  
 
 
                                                        
Rolling Friction 
Given: 
ε = 0.015 
GCM = 4000kg 
α = 0.072rad 
g = 9.81m/s2 
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Inclination Force 
Given: 
GCM = 4000kg 
g = 9.81m/s2 
α = 0.072rad 
                                                                                                                                                                                                      
 
Total Resistance 
Total Resistance = Aerodynamic Drag + Rolling Friction + Inclination Force              (Equation 5) 
        = 351 + 587 + 2818 
        = 3756N 
 
Engine Speed 
Given: 
V = 22.2m/s 
Specific gear ratio: 3rd gear selection = 1.49 
Final Drive Ratio = 3.727 
Rolling Radius of Tyre = 0.375m 
             
                    
            
                                                                                
 
Determination of ROTOTEST Output 
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Tractive effort of vehicle on a straight road 
Given: 
ε = 0.015 [11] 
VCM = 2190kg 
g = 9.81m/s2 
Aerodynamic Drag = 351N 
                                                                                               
           
Determination of Towing Dynamometer Output 
Given: 
Total Resistance = 3756N 
Tractive effort of vehicle on a straight road = 673N 
                                                                                            
Note: The straight road tractive effort is subtracted from the total resistance. The vehicle is 
already subjected to this load under testing.  
The summary of the calculations: 
To ensure that accurate testing commence the following set points need to be strictly applied.  
Table 3.4 Dynamometer set points 
Set point for ROTOTEST Dynamometer Set point for Towing Dynamometer 
Vehicle Speed = 80km/h 
Engine Speed = 3145rpm 
Total Wheel Torque = 1407N.m 
Wheel Speed = 566.3rpm 
Wheel Power = 83.5kW 
Vehicle Speed = 80km/h 
Engine Speed = 3145rpm 
Tractive Effort = 3083N 
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3.4.3 Calculations for cooling system performance [7]: 
 
For this dissertation only SAC and ATBw will be considered. 
SAC  
The first performance criterion for cooling is SAC. 
For these calculations the TTT specification listed in Table 3.1 – 190/GMT 355 Design Criteria is 
required.  
For the selected test vehicle the specification for maximum TTT is 106°C. 
Calculation for:                                                                                             
The SAC requirement of cooling systems must equal the requirement for ambient temperature, 
which is 40°C. Thus, SAC ≥ 40°C 
ATBw 
The second performance criterion for cooling is ATBw. 
For these calculations the Barometric pressure of the ambient environment, radiator pressure 
cap rating, coolant mixture ratio and the boiling point temperature for the coolant mixture is 
required.  
Barometric pressure   = 101.325kPa 
Radiator pressure cap rating  = 108kPa 
% Mixture    = 50/50 (50% water to 50% Glycol)    
To calculate the boiling point temperature: 
Absolute pressure  = Barometric pressure + rated pressure of the radiator pressure cap  
   = 101.325 + 108 
   = 209.325kPa     
From Table 3.3 Interpolate between pressure columns 2 and 3 bar: 
                            
           
       
                        
Calculation for:                                                                                   
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Figure 3.14 Boiling Point Isobars  
 
Table 3.5 Engine Coolant Boiling Points 
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3.5 VEHICLE TO DYNAMOMETER INTEGRATION 
3.5.1 Super-flow Towing Dynamometer [12] 
The towing dynamometer is designed to apply a controlled and measured load to the vehicle at 
any vehicle speed up to 112km/h. It functions and looks like a normal trailer, but under its 
canopy is an Eddy current power absorber, differential oil cooling system, electronic control unit 
and ballast boxes.   
To achieve accurate and safe behaviour of the trailer, it is important to apply the following: 
 The dynamometer needs to be operated at a level height to ensure that the load cell 
input reads true. This is done by adjusting the trailer hitch arm parallel to road surface. 
The towing dynamometer has an adjustable hitch to accommodate small changes in 
vehicle tow bar height. If the vehicle‟s tow bar height exceeds the adjustment height, one 
can make use of a drop plate to reduce the hitch height.  
 To ensure that the dynamometer‟s tyres have good contact with the road surface, 
additional weight can be applied to the ballast boxes. The additional weight is 
dependable on the drawbar pull force. The weight added must be divided between front 
and rear to provide adequate tongue weight. Typical tongue weight should be 5~10% of 
the trailer weight. 
 To only enter the set-point values for speed and load control when dynamometer is 
stationary.  
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To operate the towing dynamometer the in-vehicle control unit (SF-412) and the Heads-up  
display units are required. 
 
3.5.1.1 The SF-412 control  
This unit is the operator‟s communication tool and is connected to the main electronic control 
unit located inside the towing dynamometer. It consists of a speed and load servo switches, that 
allows the operator to enter the required set-point parameters for a given test mode. The 
dynamometer will then allow the vehicle to speed up to the entered set-point values and then 
hold the vehicle at this parameter. For vehicle cooling validation it is important to meet the 
required tractive effort at the specified vehicle speed.  
 
3.5.1.2 Head-up display 
This unit is connected to the SF-412 control and is mounted on the vehicle‟s dashboard. It 
provides a visual display to the operator by lighting up coloured LCD lights. If the values for load 
and speed are under the set-point, it indicates the offset range in an orange colour, if the set-
points are met it lights up in a green colour and if the set-point is exceeded the light turns red. 
The aim of the test is to keep the vehicle steady around the set-point values; this is achieved by 
adjusting the vehicle‟s throttle position accordingly.  
 
Figure 3.14 shows the integration of vehicle to superflow towing dynamometer. 
 
 
 
 
 
Chapter 3  Test Setup 
46 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15 Picture diagram of the vehicle to towing dynamometer integration 
Heads-up display 
SF-412 control unit 
Super-flow Towing 
Dynamometer Dynamometer hooked onto vehicle 
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3.5.2 ROTOTEST Chassis Dynamometer [11] 
 
“The ROTOTEST VPA-R dynamometer is far superior to a traditional chassis dynamometer 
(“rolling road”) both in precision, test possibilities and safety, as there is no slip between tyres 
and dynamometer (rollers) due to direct hub-connection, a near zero system inertia and 
extremely accurate front-end mounted torque transducer. Another great advantage of the 
ROTOTEST chassis dynamometer is its portability. The only requirement is a flat surface. The 
main parts of the turnkey ROTOTEST VPA-R system consists of hydraulic Dynamometers, 
Hurricane Cooling Units, and a System Central Unit. The dynamometers support the vehicle 
when in operation and no additional support is required. The result is a stable and low vibration 
test condition.”  
Figure 3.15 shows the integration of vehicle to ROTOTEST Chassis Dynamometer 
 
 
The ROTOTEST VPA-R dynamometer can be operated in several different test modes: 
3.5.2.1 Constant speed 
Keeps a constant speed (The operator can select which speed – Engine rpm or vehicle speed 
(km/h). The throttle adjusts the torque. This mode is used for ECU calibrations (fuel mapping, 
ignition timing), comparison of manufacturers specifications, etc. 
3.5.2.2 Constant Torque 
Keeps a constant torque. The throttle adjusts the speed. 
Sweep – Accelerates at a constant predetermined rate (up or down) between two set points. 
3.5.2.3 Road resistance simulation 
Simulates road resistance caused by aerodynamic drag, rolling resistance and incline. This 
mode is used to conduct cooling validation. 
3.5.2.4 Active inertia 
Simulates real-world accelerations defined by inertia, aerodynamic drag and rolling resistance. 
 
Figure 3.16 shows the set-up procedure screens in the ROTOTEST software 
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Figure 3.16 Picture diagram of the vehicle to towing dynamometer integration 
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 Figure 3.17 Picture flow diagram of the vehicle data entry to ROTOTEST software 
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3.6 SUMMARY 
 
 
This chapter described the setup for testing a vehicle‟s cooling system. It looked at the test 
modes required to conduct a standard cooling test. It also covered the type of probes used for 
measurement, the probe locations and fitment to vehicle. A sample calculation was shown to 
determine the set-points needed to condition the dynamometers to achieve the specific mode 
inputs for speed and load. This chapter also described the operation and integration of the 
dynamometers to the test vehicle.  
Knowing how to setup for a cooling test it was now necessary to investigate the chamber 
parameters to determine whether the current parameters for temperature, wind speed, sun load 
and humidity was sufficient to simulate road cooling validation in the chamber. 
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CHAPTER 4  INVESTIGATION OF CHAMBER PARAMETERS 
4.1 PARAMETER MEASUREMENT [4] 
 
The parameter investigation was limited to temperature, wind speed and sun load 
measurement. Humidity was ruled out as having the least affect, due to the extreme dry 
conditions experienced in Upington. For this reason the boiler was switched off during the 
chamber testing.  
4.1.1 Chamber Temperature 
 
The chamber temperature can be manually adjusted up to 50°C by using the control panel and 
entering the required value on the key pad. The temperature is supplied by heat rejection from 
oil heater banks located at the ram air inlet chamber. For the temperature to be supplied to the 
Climatic chamber, the ram air has to be running at a minimum wind speed of 5km/h. The heat is 
supplied by a centrifugal fan moving the warm air from the radiator heater cores to the chamber 
through a ram air duct. The control of the temperature is performed by a temperature sensor 
located in the ram air outlet duct. This temperature sensor feeds information back to the control 
panel which adjusts the supply to the heater elements. A thermo-couple wire was placed at the 
outlet of the ram air duct. This position is normally used for testing to measure the temperature 
of the wind supply before moving through the vehicle‟s front end bumper and grille.  
 
Figure 4.1 Chamber ambient 
Chamber Ambient 
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Other thermocouples were placed on the vehicle to determine if there is a temperature loss 
when the wind supply leaves the outlet duct. 
The positions for the additional thermocouples were: Condenser core front and radiator core 
front. The parameter measurement was conducted at various set-points to establish the 
accuracy of control around the set-point. Table 4.1 shows the measurement results of the 
chamber ambient probe place at the outlet of the ram air duct at various chamber set-points.  
Table 4.1 Chamber ambient measurement results 
Value of set-point 
All measured channels within ±2°C 
offset of chamber temperature set-point 
20 25 30 35 40 
Min Value 17.9 22.8 27.9 33.0 38.0 
Stabilized Value 18.7 24.0 29.5 34.5 39.2 
Max Value 20.4 25.4 30.5 35.7 40.1 
Min Offfset -2.1 -2.2 -2.1 -2.0 -2.0 
Max Offset 0.4 0.4 0.5 0.7 0.1 
 
Figure 4.2 represents the data collected at a set-point of 40°C. This set-point is common for 
cooling tests, which requires the chamber temperature not to exceed 42°C maximum and 38°C 
minimum. The initial temperature of the chamber was 35.4°C and took 2hours and 24min to 
achieve set-point. It became evident that to achieve the required temperature in a shorter time 
frame, that a higher set-point should be selected initially until the required temperature is 
achieved and then to change back to the set-point required. The time taken to achieve a given 
set-point is highly dependable on the outside ambient conditions; a colder day will take longer 
than a hotter day.  The results reveal that the set point temperature was reached and stabilized 
the temperature control within the 2°C offset that is a requirement for cooling tests. 
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Figure 4.2 Performance graph of ambient measurement
The temperature reached the set point 
of 40°C and stabilized. The 
measurements continued for ±20min, 
but remained stable.  
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4.1.2 Chamber Wind speed 
 
The ram air speed or wind speed is generated via a centrifugal fan located above the Climatic 
chamber. The ram air speed must be equal to the vehicle test speed to accurately simulate 
what the vehicle experiences on the road. The current set-up of the chamber does not allow for 
automatic wind speed adjustment according to dynamometer vehicle speed. This value for wind 
speed is entered manually on the control panel for each test mode and stays the same for the 
duration of the specific mode. 
However, the accuracy of the wind speed needs to be determined. 
The wind speed was measured using the following two methods: 
4.1.2.1 Pitot - static tube (1m in length) inserted in the wind supply duct 
4.1.2.2 Vane anemometer mounted behind the vehicle bumper grille 
4.1.2.1 Pitot – static tube measurement: 
This method of measurement is used by fan manufacturers to determine the volume flow rate of 
centrifugal fans. The equipment used is a pitot tube connected to a Testo digital handheld 
display. An 8mm hole was drilled in the centre on the top side panel of the ram air outlet duct as 
preparation for measurement. The hole is to accommodate the Pitot – tube and to allow for 
incremental movement inside the duct.  
 
 
 
 
 
 
 
Figure 4.3 Pitot-static tube measurement 
Pitot-static tube 
8mm Hole 
150mm 
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The point of measurement plays an important role due to factors such as flow characteristics 
and velocity profile of the air stream inside the duct. The ram air outlet duct moves from the fan 
vertically downwards into a 90° elbow and then horizontal towards the vehicle inside the 
chamber. The hole was made further downstream in this horizontal section of the duct.  
 
Figure 4.4 Ram air duct preparation for Pitot tube measurement 
 
The hole centre distance from the elbow needed to be determined to allow the air stream to 
straighten as much as possible before the point of measurement. The estimation was done by 
Howden Donkin Engineering Department and worked out to be approximately ¾ of the length 
from the elbow. The hole was made at this length and the pitot-tube was prepped incrementally 
with masking tape, each increment was ±150mm to allow for multiple readings in a single plane. 
The average of these values will determine the velocity of the air flowing through the duct. It will 
also provide a velocity profile to understand the flow characteristic through the duct. 
 
 
 
Air flow direction 
Hole position on duct 
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The results given in Table 4.2 and Figure 4.5 reveal that there is a decrease in wind speed 
accuracy with an increase in chamber wind speed.   
Table 4.2 Results of chamber wind speed measurement with a pitot-static tube 
 
 
 
Figure 4.5 Graph of Pitot tube measurements related to chamber wind speed set point 
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Looking at the data collected a velocity profile can be drawn up that can indicate the type of flow 
phenomena present inside the duct.  
 
Figure 4.6 Velocity profile of ram air 
 
The velocity profile lines are almost straight, which indicates that the flow is close to being 
laminar and is a good indication that the air straightening devices are effective.  
The pitot –static tube test delivered good results, but indicated that the chamber wind speed 
measuring method is inaccurate. The test is also highly dependable on the perpendicular 
positioning of the Pitot tube inside the duct according to air flow direction. A second approach 
was necessary to verify the wind speed accuracy. 
 
Air flow  
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4.1.2.2 Vane anemometer measurement: [5] 
This method moves away from the duct and measures the wind speed experienced by the 
vehicle. This allows for the air to flow the full length of the ram air duct and is a true measure of 
wind speed entering the vehicle front grille and cooling system. The idea is to measure the wind 
speed at the various chamber set points and to take the vehicle to the road and drive the 
vehicle according to GPS speed. This will then give a good indication of the wind speed 
accuracy as experienced in the chamber. It was decided to assume the worst case, thus a 
vehicle with a lower ground clearance so that a smaller section of the outlet duct is measured. 
The vehicle selected was a Chevrolet Spark. 
Vehicle preparation: The measuring device used is a vane anemometer linked to its handheld 
display as shown in Figure 4.7. The anemometer is only capable of wind speeds up to 90km/h.  
 
4.7 Vane anemometer 
Chapter 4  Investigation of chamber parameters 
59 
 
 
The vane anemometer was placed in the centre of the front grille using cable ties.  
 
Figure 4.8 Position of vane anemometer on vehicle front grille 
Due to the length of the cord, the display was placed on the front windscreen mounted to the 
wiper blades. The display value was visible and the measurements could be recorded manually. 
 
 
Figure 4.9 Position of anemometer handheld 
 
The handheld was set to measure in m/s. 
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Test 1 - Climatic chamber 
 
 
Figure 4.10 Vehicle in Climatic chamber positioned for wind speed measurement 
Test 2 – Road 
 
 
Figure 4.11 View from driver seat of road wind speed measurement 
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Table 4.3 Results of road vs. chamber wind speed measurement with a vane anemometer 
 
 
The values recorded with the vane anemometer do not represent true speed measurements 
due to the grille obstructing the flow of air over the vane. The values can however be used for 
comparison between the two environments. The difference between values recorded in the 
chamber and on the road will indicate the actual speed difference. It must be noted that the road 
test was conducted at a zero prevailing wind condition before measuring the wind speed at the 
vehicle grill while driving. The results obtained show a minimal difference between the chamber 
and the road.  
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4.1.3 Sunload 
 
The sun load is simulated by switching on 27 x 1kW bulbs spaced at 1 m2 intervals, hence 
providing the 1000W/m2 specification. The heat intensity can be increased, by adjusting the 
cradle closer to the vehicle. During the worst case (the least heat intensity) scenario the cradle 
was spaced further away from vehicle and the lowest body temperature measured was 64.7C. 
This temperature coincides with the temperatures measured in Upington (60 to 75C), thus 
indicating that the sun load simulation in the chamber is successful.  
 
 
Figure 4.12 Graph of chamber sun load effect on vehicle body 
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4.2 IMPROVEMENT OF DATA QUALITY 
 
4.2.1 Chamber modification 
 
The entrance to the Climatic chamber has double doors to ensure that the environmental 
conditions are kept constant inside the chamber. To improve the sealing capability of the 
chamber, aluminium weather strips were placed on both sides of all doors leading to the 
chamber, thus ensuring that heat loss to the outside environment is kept to a minimum.  
 
FIGURE 4.13 Aluminium door seal strips 
 
4.2.2 Changes applied to road test measurement 
 
4.2.2.1 Design of an ambient bracket: 
When testing on the road accurate recording of the ambient temperature is very important. The 
data is used in various calculations such as ATBw and SAC. It is also critical for this dissertation 
to ensure that the same temperature can be applied in the chamber so that accurate back to 
back testing can commence and that the data is comparable. 
The current method for measuring ambient temperature is by placing a thermocouple wire 
inside a PVC tube and to mount the tube on the roof of the vehicle.  
Aluminium door sealing strips 
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Data collected in Upington indicated that the roof temperatures of the vehicle exceeded the 
ambient temperature hugely. The tube entry is almost level with the roof‟s outer surface, thus 
the heat reflected from the roof enters the PVC tube and affects the ambient reading. To 
eliminate this problem a new bracket design was required. 
The bracket design criteria: 
 The bracket material must have a low conductivity of heat transfer. 
 Must allow the measurement of temperature at a distance away from the vehicle. 
 Must allow for the mounting of a type K thermocouple 3.2 x 100mm (A40K) probe 
 The bracket must mount to the vehicle with no additional mounting devices and should 
allow for easy fitment and removal.  
 Must be sturdy enough to resist vibration impact generated by irregular road surfaces. 
 After the bracket is mounted the thermocouple should be exposed to the direction of wind 
flow as experienced by the vehicle when driving. 
 This bracket should also fit to any type of vehicle. 
From the criteria above a new ambient bracket was designed, that can hook over and onto the 
door windows of a vehicle. The bracket can be used either side of the vehicle, driver or 
passenger, front or rear, at any of the vehicles doors as long as it has windows that can open 
and close.  
The bracket is ribbed along its length to give it more stability and stiffness. A type K 
thermocouple 3.2 x 100mm (A40K) probe is easily positioned onto and supported by the 
bracket. The bracket is made from ABS Plus (Plastic), which has a low thermo conductivity 
coefficient. The bracket also is covered with reflective silver tape to assist even further with 
reflecting sun rays. Figure 4.14 shows the fitment of the bracket to the vehicle. 
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Figure 4.14 Fitment of ambient bracket 
The development of the bracket:  
A model of the bracket design was developed using 3D Drawing Package known as Autodesk 
Inventor Professional 2010. The bracket model design was then exported and computer 
validated using the finite element analysis software build into the Inventor 3D Package. The 
results of the stress analysis can be viewed under section 4.2.2.2. 
 
 
Figure 4.15 3D model of ambient bracket 
The bracket hooks over and onto the 
window and is supported by the window. 
The bracket then moves with the window into the 
window frame rubber that supports it rigidly 
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4.2.2.2 Stress analysis report of the ambient model design: 
Stress Analysis Report 
Analyzed File: Ambient Bracket.ipt 
Autodesk Inventor Version: 2010 (Build 140223002, 223) 
Creation Date: 2010/06/18, 11:58 PM 
Simulation Author: K.M Badenhorst 
Summary: 
 
Project Info 
Physical 
Material ABS Plastic 
Density 1.06 g/cm^3 
Mass 0.191886 kg 
Area 78961.1 mm^2 
Volume 181024 mm^3 
Center of Gravity 
x=86.3309 mm 
y=3.30541 mm 
z=-40 mm 
 
Simulation: 1 
General objective and settings: 
Design Objective Single Point 
Simulation Type Static Analysis 
Last Modification Date 2010/06/18, 11:55 PM 
Detect and Eliminate Rigid Body Modes Yes 
Separate Stresses Across Contact Surfaces No 
Motion Loads Analysis No 
 
Advanced settings: 
 
Avg. Element Size (fraction of model diameter) 0.08 
Min. Element Size (fraction of avg. size) 0.2 
Grading Factor 1.5 
Max. Turn Angle 60 deg 
Create Curved Mesh Elements Yes 
Ignore Small Geometry No 
Use part based measure for Assembly mesh Yes 
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Material(s) 
 
Name ABS Plastic 
General 
Mass Density 1.06 g/cm^3 
Yield Strength 40.33 MPa 
Ultimate Tensile Strength 40 MPa 
Stress 
Young's Modulus 2.89 GPa 
Poisson's Ratio 0.38 ul 
Shear Modulus 1.0471 GPa 
Stress Thermal 
Expansion Coefficient 0.000000000857 ul/c 
Thermal Conductivity 0.299 W/( m K ) 
Specific Heat 1500 J/( kg c ) 
Part Name(s) Ambient Bracket 
 Operating conditions 
 Gravity 
 
Load Type Gravity 
Vector X 0.000 mm/s^2 
Vector Y -9810.000 mm/s^2 
Vector Z 0.000 mm/s^2 
Selected Face(s) 
 
 
Figure 4.16 Fixed Constraint: 1 
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Results 
 
Reaction Force and Moment on Constraints 
 
 
Constraint Name 
Reaction Force Reaction Moment 
Magnitude Component (X,Y,Z) Magnitude Component (X,Y,Z) 
Fixed Constraint:1 1.882 N 
0.00039333 N 
0.243344 N m 
0.0000101813 N m 
1.882 N -0.0000156773 N m 
-0.000640249 N -0.243344 N m 
 Result Summary 
 
 
Name Minimum Maximum 
Volume 180625 mm^3 
Mass 0.191463 kg 
Von Mises Stress 0.000000021008 MPa 0.646404 MPa 
1st Principal Stress -0.112033 MPa 0.653095 MPa 
3rd Principal Stress -0.451362 MPa 0.0461317 MPa 
Displacement 0 mm 0.292311 mm 
Safety Factor 15 ul 15 ul 
Stress XX -0.44993 MPa 0.649474 MPa 
Stress XY -0.0783957 MPa 0.176845 MPa 
Stress XZ -0.0973662 MPa 0.0918072 MPa 
Stress YY -0.152765 MPa 0.111667 MPa 
Stress YZ -0.0291561 MPa 0.0325175 MPa 
Stress ZZ -0.138814 MPa 0.0930271 MPa 
X Displacement -0.0460199 mm 0.0508135 mm 
Y Displacement -0.292301 mm 0.000027727 mm 
Z Displacement -0.000584388 mm 0.000585473 mm 
Equivalent Strain 0.00000000000675271 ul 0.000207416 ul 
1st Principal Strain -0.0000000210115 ul 0.000224155 ul 
3rd Principal Strain -0.000144042 ul -0.00000000000613166 ul 
Strain XX -0.000143358 ul 0.000222318 ul 
Strain XY -0.0000374346 ul 0.0000844451 ul 
Strain XZ -0.0000464932 ul 0.0000438387 ul 
Strain YY -0.000086525 ul 0.0000543636 ul 
Strain YZ -0.0000139223 ul 0.0000155274 ul 
Strain ZZ -0.0000871734 ul 0.0000477372 ul 
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Figure 4.17 Von Mises Stress 
 
Figure 4.18 1st Principal Stress 
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Figure 4.19 3rd Principal Stress 
 
Figure 4.20 Displacement 
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Figure 4.21 Safety Factor 
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4.3 SUMMARY 
This chapter investigated the chamber parameters required to simulate road cooling validation 
in the Climatic chamber. The parameters investigated was temperature, wind speed and sun 
load. The measurement of the chamber ambient at outlet of the ram air duct resulted in an 
accurate measurement, staying within the allowable offset range of 2°C from set-point value. 
This means that the cooling requirement of 40°C was met. The chamber wind speed was 
measured using a pitot static tube and a vane anemometer. The result for measuring inside the 
ram air duct with the Pitot tube revealed that the wind speed was inaccurate and decreased in 
accuracy with an increase in set-point value. It was then decided to conduct measurements 
outside the duct with a vane anemometer mounted to the vehicle‟s front bumper. By using the 
vane anemometer it was now possible to measure the wind speed experienced on road and 
that it could be compared to the chamber value. This resulted in a minimal difference between 
the chamber and the road. Thus the wind speed is accurate enough to simulate road cooling 
validation. To determine whether the sun load simulated in the chamber represents what the 
vehicle experiences in the outside environment. The vehicle‟s body temperature was measured 
and compared to chamber. The result was that the chamber could simulate the sun load 
experienced in Upington, by adjusting the distance between sun soak cradle and the vehicle 
body to vary the intensity of the simulated sun load, thus an accurate sun load simulation is 
possible. 
This chapter also looked at improvements made to chamber and ambient measurement that 
ultimately resulted in the improvement of data quality reported in the chapter 5. 
It was now possible to start with testing on road and in the Climatic chamber. The data collected 
will be compared and discussed to determine whether an accurate simulation in the chamber is 
possible. 
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CHAPTER 5  RESULTS ANALYSIS AND DISCUSSIONS 
5.1 INTRODUCTION 
 
The tests were conducted in Upington using the Superflow towing dynamometer and in the 
Climatic chamber using the ROTOTEST chassis dynamometer. The aim was to determine the 
differences between road and chamber testing, thus all tests had to be conducted in a back to 
back manner, applying the same test modes and using the same test vehicle. 
 
The test modes conducted were: 
1. 10% MS @ 32km/h – 10% gradient at a vehicle speed of 32km/h 
2. 10% MS @ 60km/h - 10% gradient at a vehicle speed of 60km/h 
3. 7.2% MS @ 80km/h – 7.2% gradient at a vehicle speed of 80km/h 
4. 5% MS @ 112km/h - 5% gradient at a vehicle speed of 112km/h 
5. RL @ Vmax (WOT) – Road Load at maximum vehicle speed  
Three sets of tests were conducted: 
5.2 First test 
5.3 Second test 
5.4 Final test 
5.2 FIRST TEST 
5.2.1 Test description 
 
The test vehicle used was an Isuzu KB300 HO D/C 4x4 A/T. This test was seen as a practice 
run to determine the test method. The vehicle was prepped according to Table 2.2. The list of 
equipment used to measure data was as described in Chapter 2. The vehicle specifications and 
grade load calculation for each test mode can be viewed under Appendix D First Test.
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Table 5.1: Defining the test mode set points for the First Test 
Set points required for cooling test 
Test Mode Gear 
Selection 
Vehicle 
Speed (km/h) 
Engine 
Speed (rpm) 
R - Dyno T - Dyno 
Total Wheel 
Torque (N.m) 
Wheel Speed 
(rpm) 
Wheel Power 
(kW) 
Tractive 
Effort (N) 
1 1st 32 2675 1703 225 40.1 4194 
2nd 1425 1704 227 40.5 4194 
2 2nd 60 2650 1756 422 77.6 4194 
3 2nd 80 3550 1407 565 83.3 3109 
 3rd 2325 1408 567 83.6 3109 
4 3rd 112 3250 1212 793 100.7 2252 
 4th 2300 1214 796 101.2 2252 
5 4th 135 Not needed - WOT 
 
Chapter 5  Results analysis and discussions 
75 
 
5.2.2 Performance graphs 
 
 
Figure 5.1 Cooling performance graph for test mode 1 (First Test) 
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Figure 5.2 Cooling performance graph for test mode 2 (First Test) 
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Figure 5.3 Cooling performance graph for test mode 3 (First Test) 
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Figure 5.4 Cooling performance graph for test mode 4 (First Test) 
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Figure 5.5 Cooling performance graph for test mode 5 (First Test) 
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5.2.3 Test results and analysis 
Table 5.2 Results of the first test data 
 
Note:  
Stabilized values refers to average-based values
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Table 5.3 Analysis of the first test data 
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5.2.4 Discussion of test results 
 
 
Mode 1 - 10% MS @ 32km/h: 
Table 5.4 Vehicle Characteristics for test mode 1 (First Test) 
Vehicle Characteristics T - Dyno R - Dyno 
Engine Speed 2200 – 2700rpm 2600rpm 
Gear Selection In „D‟ (2nd to 1st) In „D‟ (3rd) 
Throttle Position 85% WOT 
Tractive Effort 10% - 4.2kN ±7.2% - 3.6kN 
 
The ROTOTEST chassis dynamometer was not capable of holding the vehicle at this speed 
with the required tractive effort. Due to this the mode was simulated using the same engine rpm 
of 2600rpm at 90km/h in „D‟, 3rd gear, with the chamber wind speed set at 32km/h.  
The result for ATBw and SAC was identical, which in cooling terms suggests perfect simulation, 
but the ATF temp was much lower due to a higher gear shift. Other cooling system 
measurements such as TTT and EO recorded higher values. This mode cannot be used for 
analysis even though the ATBw and SAC matched. It is more important to have the TTT, EO 
and Amb recordings similar, which will then automatically calculate to similar values for ATBw 
and SAC respectively. 
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Mode 2 – 10% MS @ 60km/h: 
Table 5.5 Vehicle Characteristics for test mode 2 (First Test) 
Vehicle Characteristics T - Dyno R - Dyno 
Engine Speed 2700rpm 2650rpm 
Gear Selection In „D‟ (2nd) In „D‟ (2nd) 
Throttle Position 95% 58% 
Tractive Effort 10% - 4.2kN Unknown 
 
This mode can also not be used for analysis; it appeared similar to mode 1 with the ROTOTEST 
chassis dynamometer not being able to hold the vehicle at the required speed and tractive 
effort. It was decided to continue with the lower load to determine the effect on the cooling 
system. The results were totally different, producing lower temperature reading for TTT, EO and 
ATF respectively.  
At this stage the results were communicated to a ROTOTEST consultant. The first two test 
modes were discussed and he informed us that the system was not designed to hold a vehicle 
in the „Road Simulation Software Mode‟ at speeds lower than 70km/h. This is due to the design 
of the systems hydraulic cooling fans and flow control valve to prevent overheating of the 
hydraulic oil. He mentioned that the system will hold for a few seconds, but will then release by 
opening the flow control valve sooner, thus producing a lower load as a safety control to protect 
the system. 
He however does have a solution for the problem, which will involve the replacement of a more 
efficient cooling fan and the modification of the current test software which will then enable the 
hydraulic flow control valve to function at lower speeds. This will then produce the necessary 
tractive effort required for the cooling test.  
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This was brought to GENERAL MOTORS SOUTH AFRICA‟s attention and their quotation for 
the upgrade was budgeted for 2011.  For this reason it was decided to only look at the 80, 112 
and 135km/h (Vmax) test modes for the dissertation. 
 
Mode 3 - 7.2% MS @ 80km/h: 
Table 5.6 Vehicle Characteristics for test mode 3 (First Test) 
Vehicle Characteristics T - Dyno R - Dyno 
Engine Speed 2360rpm 3730rpm 
Gear Selection In „D‟ (3rd) In „D‟ (2nd Lock) 
Throttle Position WOT 76% 
Tractive Effort 2.6kN could not do 3.1kN 3.1kN 
 
There were major differences between EO and ATF temperatures. This was due to the different 
gear selections. The results for ATBw and SAC were close, but this was pure coincidence.  
The towing dynamometer does allow the vehicle to tow a load lower than set-point, if vehicle is 
not capable of doing the load, but with the chassis dynamometer the simulation is constant and 
will not allow vehicle to meet the speed criteria, thus a lower gradient must be selected. 
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Mode 4 - 5% MS @ 112km/h: 
Table 5.7 Vehicle Characteristics for test mode 4 (First Test) 
Vehicle Characteristics T - Dyno R - Dyno 
Engine Speed 3250rpm 3250rpm 
Gear Selection In „D‟ (3rd) In „D‟ (3rd) 
Throttle Position WOT WOT 
Tractive Effort 4% - 2.2kN could not do 5% 
2.3kN 
4% - 2.2kN could not do 5% 
2.3kN 
 
Could not achieve 5% MS with both dynamometers, so WOT had to be applied to achieve the 
highest tractive effort possible at the required speed. This time the tractive effort achieved on 
the road was applied to the chassis dynamometer. The results for TTT, EO and ATF were 
reasonable, but without the consideration of the ambient differences. Due to the Amb difference 
the results for ATBw and SAC were significant. 
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Mode 5 - Vmax: 
Table 5.8 Vehicle Characteristics for test mode 5 (First Test) 
Vehicle Characteristics Road Chamber 
Vehicle Speed 170km/h 135km/h 
Engine Speed 3500rpm 2785rpm 
Gear Selection In „D‟ (4th) In „D‟ (4th) 
Throttle Position WOT WOT 
 
The chamber ram air is limited to 135km/h, thus the vehicle speeds achieved on the road at 
WOT cannot be simulated. It was decided to go ahead, but apply 135km/h WOT. The results for 
TTT, EO and ATF were almost identical. Thus the simulation was accurate.  
The result for ATB and SAC were inaccurate due to the Amb differences. This is not an issue 
and can be repeated by applying the same ambient temperature. 
This mode can be used for analysis. 
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5.2.5 Recommendations 
 
To achieve accurate simulation: 
 The same tractive effort achieved by the towing dynamometer needs to be applied to the 
chassis dynamometer. Due to the difference in application the condition can be 
controlled via throttle position. 
 The ambient temperature recorded while testing on the road needs to be applied to the 
chamber setup. This will improve the ATBw and SAC values respectively.  
 To use a manual vehicle to avoid the down shift caused by an automatic vehicle‟s TCM. 
 
5.3 SECOND TEST 
5.3.1 Test description 
 
The test vehicle used was an Isuzu KB300 HO D/C 4x4 M/T.  
The vehicle details were described in Chapter 3 under section 3.3 calculations for cooling test 
modes. 
This test applied the recommendations made from the first test, which included: 
 Applying the same tractive effort for both dynamometers. 
 Waited until the ambient temperature in Upington reached ideal temperature of ±40°C.  
 To use a manual vehicle so that the selected transmission gear can be controlled. 
It was decided to also do the first two test modes to see the effect that a manual vehicle has on 
the ROTOTEST chassis dynamometer. 
Test preparation 
The vehicle was prepped according to Table 2.2. 
The list of equipment used to measure data was as described in Chapter 2.  
 The grade load calculation for each test mode can be viewed under Appendix C Second Test. 
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Table 5.9: Defining the test mode set points for the Second Test 
Set points required for cooling test 
Test Mode 
Gear 
Selection 
Vehicle 
Speed (km/h) 
Engine 
Speed (rpm) 
R - Dyno T - Dyno 
Total Wheel 
Torque (N.m) 
Wheel Speed 
(rpm) 
Wheel Power 
(kW) 
Tractive 
Effort (N) 
1 
1st 
32 
3652 1704 226.5 40.4 4168 
2nd 2159 1704 226.5 40.4 4168 
2 
2nd 60 4048 1756 424.8 78.1 4168 
3 
2nd 80 3145 1407 566.3 83.5 3083 
4 
4th 112 2955 1212 792.9 100.7 2225 
5 
5th 135 Not needed - WOT 
 
 
 
 
Chapter 5  Results analysis and discussions 
89 
 
 
5.3.2 Performance graphs 
 
 
 
Figure 5.6 Cooling performance graph for test mode 1 (Second Test) 
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Figure 5.7 Cooling performance graph for test mode 2 (Second Test) 
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Figure 5.8 Cooling performance graph for test mode 3 (Second Test) 
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Figure 5.9 Cooling performance graph for test mode 4 (Second Test) 
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Figure 5.10 Cooling performance graph for test mode 5 (Second Test) 
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5.3.3 Test results and analysis 
Table 5.10 Results of the second test data 
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Table 5.11 Analysis of second test data 
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5.3.4 Discussion of test results  
 
 
Mode 1 - 10% MS @ 32km/h: 
Table 5.12 Vehicle Characteristics for test mode 1 (Second Test) 
Vehicle Characteristics T - Dyno R - Dyno 
Engine Speed 2210rpm 2210rpm 
Gear Selection 2nd Gear 4th Gear 
Throttle Position 52% WOT 
Tractive Effort 10% - 4.2kN ±7.2% - 3.6kN 
 
The ROTOTEST chassis dynamometer was yet again not capable of holding the vehicle at the 
required speed of 32km/h. Thus proving that the ROTOTEST dynamometer needs to be 
upgraded to provide the increased tractive effort needed to conduct this test mode. The mode 
was however continued with the same engine rpm of 2210rpm at 80km/h in 4th gear, with the 
chamber wind speed set at 32km/h. In this case the ambient temperature for road and chamber 
were almost identical, with only the dynamometer capability being the governing factor. 
The result showed an unsuccessful simulation for all parameters shown in Table 5.18. 
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Mode 2 – 10% MS @ 60km/h: 
Table 5.13 Vehicle Characteristics for test mode 2 (Second Test) 
Vehicle Characteristics T - Dyno R - Dyno 
Engine Speed 2453rpm 2334rpm 
Gear Selection 3rd Gear 3rd Gear 
Throttle Position 58% 58% 
Tractive Effort 3.8kN could not do 4.2kN Unknown 
 
This mode also cannot be used for analysis; it appeared worse than mode 1 with the 
ROTOTEST chassis dynamometer not being able to hold the vehicle at the required speed and 
tractive effort. It was decided to continue with the lower load to determine the effect on the 
cooling system, but this time to apply the same throttle position. The results were totally 
different, producing lower temperature reading for TTT and EO respectively.  
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Mode 3 - 7.2% MS @ 80km/h: 
Table 5.14 Vehicle Characteristics for test mode 3 (Second Test) 
Vehicle Characteristics T - Dyno R - Dyno 
Engine Speed 3255rpm 3176rpm 
Gear Selection 3rd Gear 3rd Gear 
Throttle Position 76% 76% 
Tractive Effort 3.1kN 3.1kN 
 
There was not much difference between TTT and EO temperatures, thus indicating that a 
similar tractive effort was applied between the road and chamber. The only major difference 
was the ambient reading which caused the ATBw and SAC values to differ.  
This implies that to improve the simulation accuracy the chamber ambient should be adjusted to 
match the average ambient temperature recorded during the road test. 
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Mode 4 - 5% MS @ 112km/h: 
Table 5.15 Vehicle Characteristics for test mode 4 (Second Test) 
Vehicle Characteristics T - Dyno R - Dyno 
Engine Speed 3060rpm 2955rpm 
Gear Selection 4th Gear 4th Gear 
Throttle Position 90% 85 - 90% 
Tractive Effort 2.2kN 2.2kN 
 
This time the vehicle could achieve the 5% MS with both dynamometers. The result for TTT and 
EO were good, but the ambient temperatures were slightly out. This calculated to the 
differences for the ATBw and SAC results respectively. 
 
Mode 5 - Vmax: 
Table 5.16 Vehicle Characteristics for test mode 5 (Second Test) 
Vehicle Characteristics T - Dyno R - Dyno 
Vehicle Speed 174km/h 135km/h 
Engine Speed 3780rpm 2820rpm 
Gear Selection 5th Gear 5th Gear 
Throttle Position WOT WOT 
 
The results for TTT, EO and Amb temperatures were good. Also the ATBw and SAC values 
were very similar. This mode produced an accurate simulation. 
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5.3.5 Recommendations 
 
The same recommendation made in the first test applies. The second test produced good 
results from test mode 3 to test mode 5. The difference in the ambient temperature recorded 
between the two environments is a concern. Either the chamber ambient has to be reduced, 
resulting in sacrificing the cooling test requirement, or wait until Upington delivers the ideal 
temperature. Here are additional recommendations to improve the simulation accuracy. 
 To investigate the method of measuring ambient temperature.  
 To only test modes 3 to 5. It is pointless trying to simulate the cooling modes if the 
chassis dynamometer is not capable of holding the vehicle at the required tractive effort. 
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5.4 FINAL TEST 
 
5.4.1 Test description 
 
 
The same test vehicle was used as described in the Second Test. 
The first and second tests highlighted some key cooling performance results, which can be 
seen as problematic. Looking only at the 80km/h test mode: 
The TTT and EO temperatures are significantly high exceeding the required specification for 
maximum temperatures recorded. It seems that there is an inherent cooling problem causing 
these high temperatures. These results were shared with GENERAL MOTORS SOUTH 
AFRICA engineering and an investigation commenced that lead to the solving of a current local 
vehicle cooling field problem. (See Chapter 8 for full details) 
This final test included the modifications made to ambient measurement, with the design of a 
new ambient bracket as well as the fitment of an improved viscous fan clutch.  
This test also applied all the basic recommendations made from the first two tests, which 
included: 
 Applying the same tractive effort for both dynamometers 
 Improving the ambient reading measurement accuracy 
 To use a manual vehicle so that the selected transmission gear can be controlled 
It was decided not to conduct the first two test modes due to the ROTOTEST not being capable 
of holding the vehicle at the required vehicle speed and tractive effort. Thus, the simulation 
accuracy will only be judged on test modes 3 to 5. 
Test preparation 
The vehicle was prepped according to Table 2.2. 
The list of equipment used to measure data was as described in Chapter 2.  
The grade load calculations for each test mode are the same as for Second Test and can be 
viewed under Appendix C Second Test. 
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5.4.2 Performance graphs 
 
 
Figure 5.11 Cooling performance graph for test mode 3 (Final Test) 
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Figure 5.12 Cooling performance graph for test mode 4 (Final Test) 
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Figure 5.13 Cooling performance graph for test mode 5 (Final Test) 
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5.4.3 Test results and analysis 
Table 5.17 Results of final test data 
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Table 5.18 Analysis of final test data 
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5.4.4 Discussion of test results  
 
 
Mode 3 - 7.2% MS @ 80km/h: 
Table 5.19 Vehicle Characteristics for test mode 3 (Final Test) 
Vehicle Characteristics T - Dyno R - Dyno 
Engine Speed 3255rpm 3176rpm 
Gear Selection 3rd Gear 3rd Gear 
Throttle Position 76% 76% 
Tractive Effort 3.1kN 3.1kN 
 
The cooling system not only met its required specification for TTT and EO temperature, but 
produced an identical result between road and chamber. This must be due to an improved 
cooling performance with the certified viscous fan clutch allowing the radiator cooling fan to 
engage at a lower temperature and thus stabilizing the TTT sooner. The improved ambient 
readings brought the ATBw and SAC values in line, thus calculating to a near perfect 
simulation. 
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Mode 4 - 5% MS @ 112km/h: 
Table 5.20 Vehicle Characteristics for test mode 4 (Final Test) 
Vehicle Characteristics T - Dyno R - Dyno 
Engine Speed 3060rpm 2955rpm 
Gear Selection 4th Gear 4th Gear 
Throttle Position 90% 85 - 90% 
Tractive Effort 2.2kN 2.2kN 
 
This mode produced a similar result to 80km/h mode, which ended in near perfect simulation 
 
Mode 5 - Vmax: 
Table 5.21 Vehicle Characteristics for test mode 5 (Final Test) 
Vehicle Characteristics T - Dyno R - Dyno 
Vehicle Speed 174km/h 135km/h 
Engine Speed 3780rpm 2820rpm 
Gear Selection 5th Gear 5th Gear 
Throttle Position WOT WOT 
 
The result for TTT was slightly higher, but did not fall outside the differential boundaries. This 
caused the ATBw and SAC values to be marginally different. The overall result is an acceptable 
simulation between testing on the road and in the chamber. 
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5.5 SUMMARY 
Three comparison tests between road and chamber were conducted. This included the First, 
Second and Final Test. As the testing progressed some key elements were identified. These 
recommendations were applied and improved the test data significantly. 
From the First Test: 
It was noticed during the 32 and 60km/h modes, that the ROTOTEST chassis dynamometer 
could not hold the vehicle at the required vehicle speed and tractive effort. This caused the 
vehicle to downshift gear and thus running at higher engine speeds and producing a different 
cooling result. It was quite obvious that a manual vehicle was needed to ensure accurate 
simulation. These tests also indicated the importance of applying the ambient temperature 
recorded on road to the chamber setup. All these recommendation were applied to the second 
test. 
From the Second Test: 
The ROTOTEST chassis dynamometer was yet again not able to hold the manual vehicle 
during test modes 1 and 2. This highlighted the fact that the problem lies with the chassis 
dynamometer. The rest of the test modes were good, but needed an improvement on the 
ambient measurement. It was decided to investigate the method for measuring ambient 
temperature and to only focus on test modes 3 to 5 for the Final Test. 
From the Final Test: 
On investigation of the first two tests it was noticed that an inherent cooling problem caused the 
TTT and EO temperatures to exceed the maximum specification for temperatures recorded. 
This final test included the modifications made to ambient measurement, with the design of a 
new ambient bracket as well as the fitment of an improved viscous fan clutch.  
This test also applied all the basic recommendations made from the first two tests. 
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Test modes 3 to 5 resulted in a near perfect simulation, thus showing that the Climatic Chamber 
can accurately simulate a standard road cooling validation.  
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CHAPTER 6  STATISTICAL ANALYSIS OF TEST DATA 
6.1 T–TEST [13] 
6.1.1 Discussion 
 
The first statistical analysis is a technique used to compare whether the proposed better 
method, B (Chamber test) is statistically different as compared to the current method, C (Road 
test). The technique is known as a T-Test and is only used when the simulation between the 
two methods are not obvious by nature. 
A Confidence level of 0.999 was selected with a sample size of 16 values of TTT. This analysis 
was applied to all the test modes conducted during the final test. 
This method although very strict by nature, did deliver a „false‟ return for test mode 4, which 
indicates that road testing can be simulated in the Climatic chamber with reasonable accuracy. 
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6.1.2 T–Test 1: 
B C 
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6.1.3 T–Test 2: 
B C 
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6.1.4 T–Test 3: 
 
B C 
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6.2 5 PENNY B VS C [13] 
6.2.1 Discussion 
 
 
The second statistical analysis was conducted to compare the second test data with the final 
test data in terms of TTT. This technique is called the 5 Penny B vs C, and is used when a 
systems performance is improved by changing a component characteristic and there is no 
overlap between test modes. The stabilized TTT of each test mode was used for the evaluation 
to make up the sampling size of 5. A confidence level of 96% was used. The results show a 
huge improvement on TTT for the final test. This is due to the lowered bi-metal set-point 
temperature that causes the radiator fan to engage sooner and thus stabilizing the TTT at a 
much lower temperature. The vehicle‟s air-conditioning system is controlled via its ECU and 
uses the TTT as a parameter to prevent engine overheating. A max TTT of 106°C will switch off 
the A/C compressor and will only allow the compressor to switch back on when the ECU sees a 
TTT of 102°C. From the graphical display it shows that the second test data reached the TTT 
limit and thus switched the A/C off.  
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6.2.2 5 Penny B vs. C: 
 
 
 
 
A/C switching parameter 
Final Test Data Second Test Data 
Heat Gauge Position 3/4 1/2 Red Zone 
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6.3 SUMMARY 
Two statistical analysis techniques, T-Test and 5 Penny B vs. C were used to compare the 
difference between Chamber and Road testing. These statistical techniques are used internally 
by GM to determine the cause of failure known as the Red X. Many other techniques are used 
depending on the type of failure. The Red X method simplifies the search, by eliminating the 
technical aspect and common assumptions made by Engineers and focuses on the problem by 
looking at the process leading to failure.  
The first statistical analysis (T – Test): 
Delivered a „false‟ return for test mode 4, which indicated that road testing can be simulated in 
the Climatic chamber with reasonable accuracy. 
Test modes 3 and 5 delivered a „true‟ return, which indicated that there are some differences 
between chamber and road testing. The T-Test is known to be very strict by nature, thus getting 
a „false‟ return on one of the test modes does highlight that the simulation is fairly accurate. 
The second statistical analysis (5 Penny B vs. C): 
This technique compared the Second Test data to the Final Test data in terms of TTT. It is 
applied when a system performance is improved by changing a component characteristic. The 
result shows an improvement on TTT for the Final Test. This was due to the improved viscous 
fan clutch fitted for the Final Test. 
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CHAPTER 7  FINAL CONCLUSIONS AND FUTURE WORK 
7.1 CONCLUSIONS 
 
The investigation of chamber parameters gave new insight into the design, operation and 
maintenance of Climatic chambers. The results achieved prove that testing in the chamber is 
highly acceptable and can replace road cooling validation in the near future. The chamber 
parameters investigated, proved to be more than sufficient and accurate enough for the 
simulation. The importance of using a chassis dynamometer, such as the ROTOTEST, which 
provides minimal loss, is critical in the accurate simulation of road cooling validation. Previous 
rolling roads had severe wheel slippage and needed strong retarders to accommodate the 
powerful engine as seen today.  
The ROTOTEST however requires some modification to allow for testing at low speed and high 
torque applications. Initial test results for the chamber could not match the road test data. 
This was due to a number of factors: 
1. The application of tractive effort between road and chamber. 
The ROTOTEST requires some modification to allow for testing at speeds lower than 
70km/h. This affects test modes 1 and 2 of the cooling test procedure. 
2. The ambient temperature measurement and unpredictable weather. 
Testing in Upington revealed the difficulty to achieve an ambient requirement of 40°C. 
The rapid changing wind speeds and wind direction made collecting data difficult.  
This proves that moving to a chamber will provide more efficient and repeatable test 
data. 
3.  Vehicle transmission type. 
Selecting a manual shift transmission proved to be better for the simulation, because the 
selected gear for a test mode could be controlled. This gave a more constant throttle 
position and stable engine speed, which is necessary for accurate simulation. 
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4. The approved roads selected for testing in Upington are also not 100% level which does 
add some additional load.  
 
The final test results took all the recommendations made in the first and second test and 
delivered an excellent simulation. Modifications were made to the measurement of ambient 
temperature with the design of a new ambient bracket. After conducting the first and second test 
simulation a particular vehicle cooling problem on the diesel derivatives was noticeable. The 
TTT and EO temperatures were high and did not meet their specific requirements. The cooling 
problem started an in-depth investigation that led to the discovery of a quality control problem 
on the supply of the viscous fan clutch units to South Africa. The bi-metal set-point temperature 
of the viscous clutch was far too high and this caused the clutch to not fully engage while 
conducting the cooling tests. The designed temperature of the clutch is 85°C. A certified clutch 
was requested to conduct the final test. The cooling test results were significantly better and 
within specification. This new performance gives room for increasing the vehicle‟s towing 
capability even further.  
 
7.2 RECOMMENDATIONS 
 
The simulation of vehicle engine cooling validation in the Climatic chamber is comparative to 
road testing in Upington. The ROTOTEST limitation for testing at low speed and high torque can 
be addressed by implementing a new hydraulic fan and modifying the current software. Test 
modes 1 and 2 would have to be re-evaluated to determine whether 100% cooling simulation is 
possible. This would then allow for a complete cooling test to be conducted in the chamber and 
will then officially replace road testing. 
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7.3 FUTURE WORK 
7.3.1 Improvement of measuring capability 
 To assist with the upgrade of the ROTOTEST dynamometer to accommodate testing at 
lower vehicle speeds with increased torque capability. 
 To link the chamberram air speed to ROTOTEST software in terms of vehicle speed. The 
idea is to make the chamber wind speed ramp up and down according to vehicle speed 
input. 
 To investigate and implement a flow meter device into the vehicle‟s cooling system that is 
recordable and will not restrict the flow of coolant or influence system coolant volume.[14] 
Benefit - This flow meter is important for the determination of radiator heat rejection.   
 To implement rotational speed sensors for cooling fans. This is critical in the 
determination of cooling system switching parameters. 
 
7.3.2 To introduce an interface that can log selective data from the vehicle‟s ECU. This data 
will show the diagnostic status of the vehicle during the test. Data such as throttle 
position, engine speed, boost pressure, fuel properties and cluster warning etc. 
7.3.3   To develop a cooling test software that can: [15, 17, 18, 19] 
 Collect the data logged, apply calculations and convert the data so that the initial 
design criteria can be related to and verified. 
 Simplify the process of conducting a standard cooling test, through the 
explanation of test methods and analysis through various selection screens. The 
software will also allow testing on the road and in the Climatic chamber. 
 Receive regular updates in the form of tables and spread sheets to improve its 
data base as technology progresses.  
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CHAPTER 8  PROJECT SUCCESS STORY 
8.1 INTRODUCTION 
 
The research and extensive testing for the dissertation gave the necessary insight to solving a 
current local vehicle cooling field problem.  
Since the launch of the 2007 Isuzu diesel models, the in-field complaints for poor cooling 
performance grew substantially. The complaints ranged from high heat gauge reading, poor air-
conditioning performance and overheating or a combination of the three. The dealer solution to 
the problem was replacing radiators, thermostats and cooling fans. This unfortunately added 
huge costs to warranty. Due to this the engineering department of GENERAL MOTORS SOUTH 
AFRICA became involved. Figure 8.1 describes the method of approach.  
 
Figure 8.1 Flow diagram of the cooling system investigation 
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The vehicles used in this investigation were a WOW customer vehicle and a competitor vehicle 
with the same engine output and vehicle class. The actual disclosure of these vehicles will not 
be divulged due to the sensitivity of the project. 
8.2 VEHICLE PREPARATION 
 
Both vehicles were prepped to measure the following conditions: 
 Chamber Ambient Temperature (°C) 
 Radiator Top Tank Temperature (°C) 
 A/C Comp Voltage (V) 
 A/C Low Pressure (Bar) 
 A/C High Pressure (Bar) 
The following preparation photos were taken. See Figure 3.3 for full details. 
 
The prep work was brief to avoid any damage and modifications to vehicles systems, which 
might add additional cost to the investigation. 
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8.3 VEHICLE COOLING PERFORMANCE 
 
The vehicles were tested in a back to back manner applying the worst case mode of 7.2% MS 
at 80km/h according to the test procedure showed in Table 3.1.  
8.3.1 Customer vehicle performance 
 
 
Figure 8.2 Customer vehicle cooling performance graph 
The TTT increased rapidly to 106°C, which is the upper switching parameter limit for A/C 
compressor. This limit forms part of the engine protection and is controlled via the ECU of the 
vehicle. The A/C switched off after 2 min and 30s and remained off for the full duration of the 
test. The heat gauge climbed to a ¾ position, which is high for customer expectation. This test 
simulated the field complaint accurately and resulted in a fail for cooling validation. 
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8.3.2 Competitor vehicle performance 
 
 
Figure 8.3 Competitor vehicle cooling performance graph 
 
The TTT increased slowly and stabilized at a 100°C, the A/C stayed on throughout the test and 
the heat gauge stayed at the ½ mark. The vehicle tested passed the cooling validation. 
 
It is clear from the two tests that the customer vehicle has a severe cooling problem. This 
cooling problem was also noticeable on the vehicles tested in this dissertation.  
The next step was to investigate the differences in the cooling systems, to understand why the 
customer vehicle under performs. Both vehicles should essentially have the same cooling 
performance due to the fact that the engine outputs and towing capabilities are similar. 
Chapter 8  Project success story 
125 
 
8.4 INVESTIGATE THE DIFFERENCES IN THE COOLING SYSTEMS 
8.4.1 Component strip down 
 
Removed the vehicles front end bumper and grille to investigate the frontal design and to 
determine the degree of air flow restriction. Looking at Figure 8.4 the customer front end looks 
more compact and smaller in design. See Figure 8.8 for a close up view. 
 
Figure 8.4 Comparison of vehicle front end with bumper and grille removed 
After removing the vehicle bumpers the difference in skid plate designs was noticeable, with the 
competitor vehicle having a vented type design. 
 
Figure 8.5 Comparison of skid plate design 
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The two designs will be different, but both are judged according to the open areas that will allow 
the smooth entry and flow of air through the cooling system.  
 
Figure 8.6 Comparison of grille design 
 
Looking underneath the bonnet it is quite noticeable that there are large air gaps all around the 
radiator and condenser of the competitor vehicle, whereas the customer vehicle is packet 
closed with seals.  
 
Figure 8.7 Gap between radiator and condenser 
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Figure 7.8 is a close up view of the condenser frontal area and the air flow restriction which 
appears to be more on the customer vehicle, with the inclusion of a condenser fan and much 
wider vertical brace and bumper cross member. The competitor vehicle has its bumper cross 
member lower and vertical brace turned on its side and appears to have less restriction. 
 
Figure 8.8 Restriction to air flow 
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The condenser core sizes and design are significantly different, with the customer vehicle being 
smaller in size.  
 
Figure 8.9 Condenser core size 
The radiator core sizes and design are also significantly different, with the customer vehicle 
being smaller in size.  
 
Figure 8.10 Radiator core size 
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The radiator cooling fans were also different in terms of: 
 Impeller design 
 Number of blades  
 Impeller diameter. 
Both are driven by the engine and engagement is achieved with a viscous clutch. 
Table 8.1 Differences in radiator fan design 
Radiator cooling fan (Viscous fan) 
Customer vehicle Competitor Vehicle 
Number of blades = 10 Number of blades = 7 
Approximate Fan Impeller diameter = 475mm Approximate Fan Impeller diameter = 420mm 
 
8.4.2 Summary of initial investigation:  
 
The possible contributors to poor cooling performance in terms of the customer vehicle 
 The system is more closed or sealed in design:  
Fitted with a condenser fan  
Wider Vertical brace  
None vented skid plate 
Sealed between radiator and condenser 
  It has a smaller radiator and condenser. Approximately 35% smaller. 
  The core design for the radiator and condenser is significantly different to the competitor.  
The differences between the two systems are quite significant. This makes it difficult to pin point 
the major contributor to the poor cooling performance. 
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8.4.3 RECOMMENDATIONS: 
 
To investigate the methods for improving cooling performance, without changing the radiator 
and condenser core design. It is also critical to note that any safety feature or vehicle structural 
component must be kept intact, changing or removing these items will require significant 
engineering testing. These might include the bumper cross member (crash bar) and vertical 
brace showed in Figure 8.8. 
 
8.5 INVESTIGATE METHODS FOR IMPROVING COOLING PERFORMANCE 
 
8.5.1 Rules for Improving Engine Cooling System Capability: (See Appendix E for full list) 
 
There are 14 rules that will assist in finding the root cause of poor cooling performance. The aim 
is to find the improvement rules that can apply to our situation.  
These rules were produced by the National Automotive Radiator Association (NARSA) and by 
Richard F. Crook, Transpro, Inc. 
 
IMPROVEMENT RULE # 1 
Anything you can do to increase the coolant flow rate, within limits described, will improve heat 
transfer and cooling performance.   
Anything you do to restrict or reduce the coolant flow rate will hamper cooling performance 
 
Improvement Rule # 2 
Anything you can do to improve airflow through the radiator core will help.   
Anything that blocks or slows airflow, either before or after the radiator, will restrict cooling. 
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8.5.2 DISCUSSION: 
 
Rules # 1& 2 will be easy to apply, whereby all the other rules need supplier input and physical 
design change. It is important to make changes to the cooling system to try and pin point the 
problem area. The changes will be judged on TTT, which causes A/C to switch of and 
determines heat gauge position. 
 
8.5.3 RECOMMENDATIONS: 
 
To apply improvement rules 1 and 2 to  
1. Condenser fan performance, testing with and without the condenser to establish the 
affect it has on the restriction to air flow. 
2. Try to increase heat rejection by increasing cooling flow rate. This can be done by 
reducing the water pump pulley diameter, but care needs to be taken to ensure that the 
critical fan speeds are not exceeded.  
 
8.6 INVESTIGATE CONDENSER FAN RESTRICTION TO AIR FLOW 
 
Applying improvement rule 2, which suggests that anything that can be done to improve airflow 
through the radiator core, will improve the cooling performance. 
To understand the air flow restriction that the condenser fan has on the cooling system. It was 
decided to look at two options. 
1. To unplug and remove the condenser fan entirely. 
2. To have the condenser fan fitted, but hotwired to run continuously to avoid the situation 
where the condenser fan switches off and causes a complete restriction.  
The same test mode was used as described in section 8.3. 
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Figure 8.11 Performance graphs for condenser fan 
 
Discussion:  
Option 1 with the fan removed had no benefit to the cooling system performance, A/C still 
switched off 2min30s.  
Option 2 with the fan running continuously kept the A/C on for a bit longer, but caused the TTT 
to increase and produce a worse result.  
Both options did not deliver positive results to accurately reflect that the condenser fan caused a 
restriction to air flow.  
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8.7 INVESTIGATE THE INCREASE IN COOLANT FLOW RATE 
 
 
Applying improvement rule 1, that says anything you can do to increase the coolant flow rate, 
will improve heat transfer and cooling performance. To achieve this it was decided to modify the 
water pump pulley so that the effective diameter is slightly smaller.  
 
Figure 8.12 Modification of water pump pulley with performance graph 
 
Discussion: 
Increasing the coolant flow rate caused the radiator fan to engage at a much higher rpm. This 
was noticeable by the noise that the fan generated at this higher speed. It was also noticed that 
the fan cycled, this indicated that the viscous clutch caused the fan to engage and disengage. 
It was decided to plot the radiator rear temperatures recorded to understand the cycling 
phenomenon of the fan engagement.  
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Figure 8.13 Radiator rear temperatures of all tests conducted in this analysis 
 
From Figure 8.13: 
The radiator fan engages only when the bi-metal set point temperature is achieved. The radiator 
rear temperature is a good indication of the temperature seen by the bi-metal. It is however 
slightly higher due to the air gap of approximately 100mm between the radiator core and 
viscous bi-metal plate. 
It was now necessary to investigate the fan engagement parameters and to specifically focus on 
the bi-metal operating temperature.  
 
 
 
 
 
 
 
Radiator fan engagement  
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8.8 INVESTIGATE THE CURRENT VISCOUS FAN CLUTCH  
 
The test conducted with the modified water pump pulley produced good results, but did not 
solve the problem. It caused the radiator fan to spin faster with the added benefit of increased 
coolant flow rate, which changed the cooling system performance.  
It was now necessary to investigate the fan engagement parameters and to specifically focus on 
the bi-metal operating temperature of the viscous fan clutch.  
 
 
Figure 8.14 Extract of the specification for the current viscous fan clutch 
 
From the specifications extract Figure 8.14: 
The set point temperature for the bi-metal is 85°C ±5°C.  
This proves why the fan engaged when the smaller water pump pulley was tested. The higher 
radiator rear temperatures caused by the increase in heat rejection activated the viscous fan 
clutch.  
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The modulation performance graph shows that the fan engages gradually between 70 to 90°C 
and that full engagement only occurs at temperatures between 80 and 90°C, depending on the 
viscous supplied.  
Discussion: 
The heat rejection from the radiator is directly responsible for the activation of the viscous fan.  
The radiator rear temperature is the indication of the heat rejected from the radiator and is a 
good measure of the temperature subjected to bi-metal of the viscous unit. To achieve full lock 
engagement of the radiator fan, the radiator rear temperature must be greater than 90°C, due to 
the small air gap of approximately 100mm between the radiator core and viscous bi-metal plate.  
If we keep to the same radiator design it is obvious that the radiator rear temperature will remain 
unchanged.  
Recommendation: 
To find a viscous unit with a lower bi-metal temperature rating and to repeat the test mode to 
determine whether it has improved the vehicle‟s cooling performance. 
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8.9 INVESTIGATE THE PREVIOUS VISCOUS FAN CLUTCH  
 
The previous diesel model range had this viscous unit part of its cooling system and no 
complaint‟s on cooling performance was ever documented.  
 
Figure 8.15 Extract of the specification for the previous viscous fan clutch 
 
From the specifications extract Figure 8.13: 
The previous viscous works on a 2 stage engagement and starts engaging at 40°C and 
achieves a full lock condition at 70°C. It works on a coil type bi-metal plate for temperature 
activation and is smaller in diameter compared to the current viscous. 
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Figure 8.16 Picture of the current vs. previous viscous fan clutch units 
 
To connect the previous viscous to the current impeller an adaptor plate had to be 
manufactured, to overcome the dimensional differences. 
 
Figure 8.17 Picture of the current impeller mounted to the previous viscous 
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8.10 COMPARING THE TEST RESULTS OF PREVIOUS VISCOUS VS CURRENT VISCOUS 
 
 
Figure 8.18 Performance graph of TTT for current vs. previous viscous units 
 
The previous viscous unit with its lower bi-metal temperature rating provided a major change in 
the cooling profile measured in terms of the radiator top tank temperature. This information will 
be critical in the motivation to move to a lower bi-metal rating on the current viscous unit. 
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8.11 CONCLUSION 
 
After conducting a component search between the customer and competitor vehicles it was 
concluded that there were too many differences between the two cooling systems to pin point a 
specific problem area. The customer vehicle definitely has a smaller radiator and condenser 
core size, which could be the reason for the poor cooling performance, but due to the front end 
design of the vehicle we were restricted to size due to the mounting constraints. 
 
The challenge was to do whatever is necessary to improve the cooling performance with the 
current component design.   
The investigation on the customer vehicle continued, by reverting back to basics. The rules for 
improving a vehicles cooling system as released by NARSA was applied. It was only after 
increasing the coolant flow rate as described in improvement rule 1, that it was discovered that 
the radiator fan did not fully engage. It was evident by the sound level change that the radiator 
fan generated at this higher speed. This new information took us back to the design 
specifications of the current viscous fan clutch, where the detail of the bi-metal temperature 
rating was compared to the radiator rear temperatures measured. This proved that if the viscous 
fan clutch can engage fully that the radiator fan performance at its higher speed is enough to 
overcome the cooling load at the required vehicle GCM. To prove this theory the current 
impeller was mounted on the previous viscous unit that has a lower bi-metal temperature rating. 
The same test mode was repeated and the results showed a huge improvement on TTT. The 
TTT stabilized well under the limit of 106°C and thus kept the A/C on and reduced the heat 
gauge reading from ¾ to just above the ½ mark. This new performance was brought to the 
attention of all parties involved and induced a change in the operating temperature range of the 
current viscous unit. The requested temperature range for the new bi-metal design was set to 
80°C ±5°C.  
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Tech II (Vehicle Diagnostic Tool) [21] 
 
Vetronix Tech-2 Specifications  
Dimensions 12×6×2  
Microprocessor 32 bit, 16 MHz  
Memory 32 MB flash type II PCMCIA. Type III slot available for  
future expansion.  
Communications Integral RS232 communication port.  
Screen 3.8×2.8 backlit monochrome with full graphics  
capability: 320×240 pixels. Displays up to 9 vehicle  
parameters at once  
GENERAL MOTORS SOUTH AFRICA Tech-2 Starter Kit with Candi Module & TIS Kit includes 
(All ORIGINAL and NEW!):  
Tech-2 Flash Tester  
32 MB PCMCIA Card with GENERAL MOTORS SOUTH AFRICA OE Applications  
CAN diagnostic interface module (CANdi) and instruction sheet download (199.2 kb)  
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GENERAL MOTORS SOUTH AFRICA aftermarket Expertec TIS software on DVD-ROM disks  
TIS2000 dongle to access SPS/Security features  
Data/Sensor/Trouble Code Manual  
DLC Cable, DLC Loopback Adapter  
12V Cigarette Lighter Power Cable  
SAE 16/19 Adapter  
NAO 12/19 Adapter  
Battery Power Cable  
Storage Case 
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AF210 Hot wire anemometer [22] 
 
 
 
 
 
 
 
Technical specification 
Range Accuracy 
0.1m/s to 
10.00m/s 
±0.12 m/s 3% rdg +5°C to 45°C ±0.20 m/s 3% rdg -10°C to +5°C & +45°C to 
+60°C 
20.0 to 199.9fpm ±24 fpm 3% rdg +41°F to +113°F 
200.00 to 1999fpm ±40 fpm 3% rdg 14°F to +41°F& +113°F to +140°F 
-20.0°C to + 
70.0°C 
±0.5°C to +60°C, ±0.8°C elsewhere 
-4°F to + 158°F ±1°F, +32°F to +140°F, ±1.6°F elsewhere 
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Fluke 62 Mini Infrared Thermometer [23] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TD1200 Super-flow towing dynamometer: 
 
 
 
Technical specification 
Measurement range 
 
-30 °C to 500 °C (-20 °F to 932 °F) 
 
Accuracy  
10 ºC to 30 ºC (50 ºF to 86 ºF): ± 1 ºC (2 ºF) 
 Outside 10 ºC to 30 ºC (50 ºF to 86 ºF): ± 1.5 ºC (3 ºF) or ± 1.5 % of reading, whichever is greater 
 
Repeatability 
 
±0.5 % of reading or < ±1 °C (±2 °F), whichever is greater 
 
Emissivity 
 
Preset 0.95 
 
Response time 
 
< 500 mSec 
 
Distance to spot size 
 
10:1 calculated @ 80 % energy 
 
Spectral range 
 
6.5–18 microns thermopile detector 
 
Display resolution 
 
0.2 °C (0.5 °F) 
 
Temperature display 
 
°C or °F selectable 
 
Ambient operating range 
 
0 to 50 °C (32 to 120 °F) 
 
Relative humidity 
 
10-90 % RH non-condensing, @ up to 30 °C (86 °F) 
 
Typical distance to 
target (spot)  
Up to 2 m (6 ft) 
 
Laser class II 
 
Single offset laser 
 
Weight/dimensions 
 
200 g (7 oz); 152 x 101 x 38 mm (6 x 4 x 1.5 in) 
 
Power 
 
9 V Alkaline battery (included) 
 
Battery life (alkaline) 
 
12 hours 
 
Storage temperature 
 
-20 ºC to 65 ºC (-4 ºF to 150 ºF) without battery 
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Technical specification 
  
 
Empty Weight 2,200 lbs (998 Kg) 
Ballast Weight Capacity 500 lbs (272 Kg) 
Total GVW with Full Ballast 2,700 lbs (1,225 Kg) 
Total Length 138 in (350 cm) 
Total Width 75 in (191 cm) 
Total Height 36 in (91 cm) 
Tire Size 255/60/VR15 
Tire Diameter 26.5 in 
Performance and Limits:   
Maximum Drawbar Pull 2,400 lbs (10,500 N) 
Maximum Continuous Power 150 HP (112 kW) 
Maximum Design Speed 60-80 mph (100-130 kph) 
Design Constants:   
Axle Ratio 3.54 to 5.80:1 
Load Cell Output 3.0 mv/V 
Batteries 12V Delco 1150 
System Voltage 24V/12V 
Alternator 24V-100 27SI Type 200-100 
Amp 
Alternator Drive Ratio 2.50 
Superflow Towing 
Dynamometer 
(TD1200) [12] 
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Tom Tom XL (GPS): 
  
 
  
  
Technical specifications 
 Highly sensitive GPS chipset  
 4.3 inch full TFT colour LCD touch screen (480 x 272 pixels, 64.000 colours)  
 Preloaded maps of South Africa as well as major cities and entire major road network of 
Botswana, Lesotho, Malawi, Mozambique, Namibia, Swaziland, Zambia and Zimbabwe.  
 Dimensions: 118 x 83 x 25 mm (Approx)  
 Weight: 186 grams  (Approx)  
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2635A Fluke Hydra Series II Data Logger [24] 
 
Product Description & Specs 
21 analog input channels  
DC Voltage Range: 300mV - 300/150V  
Resolution: 10?V - 100mV  
Resistance: 300 ohms to 10 Mohms  
AC Voltage (True rms, ac coupled): 300mV to 300/150V  
Resolution 10 ?V to 100 mV  
Thermocouples: Type J, K, N, E, T, R, S, B, C  
2635A Data Storage (in scans): 2047  
Frequency Range: 15 Hz - 1MHz  
Standard RS-232C interface  
AC or DC operation  
Removable memory card  
Remote instrument set-up  
RS-232C (top speed of 38.4k baud)  
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Vehicle specification of an Isuzu KB300 HO D/C 4x4 A/T 
Vehicle Specification 
Engine 
Power 120kW @ 3600rpm 
Torque 333N.m @ 1600-3200rpm 
Transmission 
Gear Ratio: 1st 2.904 
Gear Ratio: 2nd 1.532 
Gear Ratio: 3rd 1 
Gear Ratio: 4th 0.705 
Axle Ratio: Final Drive 4.1 
Masses 
GVM 2900kg 
GCM 4000kg 
Tare 2010kg 
Payload 890kg 
Legal towing capacity: Unbraked Trailer 750kg 
Legal towing capacity: Trailer with overrun brake 1100kg 
Aerodynamic 
Frontal Area 2.632 m
2 
Drag Coefficient 0.45 
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Grade load calculation for First Test (Test mode 1 and 2) 
 
 
 
Note: 
This grade load sheet 
assumes full torque 
converter lockup 
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Grade load calculation for First Test (Test mode 3) 
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Grade load calculation for First Test (Test mode 4) 
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Raw Data: 
 
First Test Data - Test Mode 1: 10% MS @ 32km/h 
Time      
(min) 
TTT (°C) 
Engine Oil - 
gallery (°C) 
ATF (°C) 
Ambient 
(°C) 
ATBw (°C) SAC (°C) 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
0 99.4 91.2 101.1 88.2 105.8 68.1 34.3 39.8 66.5 80.1 41.0 54.6 
  102.9 97.9 104.7 94.7 109.8 78.0 34.3 40.0 62.9 73.6 37.4 48.1 
1 105.4 102.4 108.4 101.7 112.9 83.9 33.5 40.0 59.7 69.2 34.1 43.7 
  105.0 105.5 111.9 107.4 112.8 87.5 34.4 40.2 61.0 66.2 35.5 40.7 
2 102.6 106.2 115.0 111.8 108.8 89.1 37.5 40.2 66.4 65.6 40.9 40.0 
  102.1 106.3 116.3 114.9 107.6 90.6 34.0 40.3 63.3 65.5 37.8 40.0 
3 102.2 106.7 118.0 118.0 107.7 92.0 33.9 40.7 63.2 65.5 37.7 39.9 
  102.9 104.1 119.1 119.6 108.3 91.0 37.5 40.7 66.1 68.2 40.6 42.6 
4 103.3 103.8 120.1 121.3 108.9 91.8 36.6 39.3 64.8 67.0 39.3 41.4 
  103.6 107.9 121.1 122.7 109.6 96.1 35.4 37.7 63.3 61.3 37.8 35.8 
5 104.1 108.4 122.0 124.3 110.4 96.2 36.4 39.6 63.9 62.8 38.3 37.3 
  104.5 105.7 122.8 124.9 111.0 95.5 36.0 40.1 63.1 66.0 37.5 40.4 
6 104.5 105.2 123.4 125.5 111.4 95.9 37.3 40.5 64.3 66.9 38.7 41.4 
  104.6 107.8 123.8 126.0 111.9 99.3 37.2 40.5 64.1 64.3 38.6 38.8 
7 105.1 110.2 124.4 127.4 112.5 100.1 38.3 38.2 64.7 59.5 39.2 34.0 
  105.9 106.7 124.7 127.7 113.4 98.6 36.0 39.1 61.6 63.9 36.1 38.4 
8 104.6 106.0 125.1 127.8 112.8 98.8 38.3 40.3 65.3 65.8 39.8 40.3 
  103.2 106.1 125.0 127.9 112.2 99.2 34.1 40.7 62.4 66.1 36.9 40.6 
9 106.5 108.6 124.9 128.1 115.5 102.2 34.2 39.2 59.3 62.2 33.7 36.6 
  109.2 110.7 125.7 128.9 117.0 102.6 37.9 37.9 60.2 58.8 34.7 33.2 
10 108.6 107.6 126.6 129.2 115.9 101.3 35.4 39.8 58.3 63.8 32.7 38.2 
  105.3 106.9 126.9 129.2 114.6 101.3 38.9 40.6 65.1 65.2 39.5 39.7 
11 103.8 106.9 126.5 129.2 114.2 101.5 38.5 40.4 66.2 65.1 40.7 39.5 
  103.3 106.6 126.1 129.1 114.0 101.5 39.2 38.5 67.4 63.4 41.9 37.9 
12 105.9 107.6 125.8 129.2 116.6 103.6 37.8 38.5 63.5 62.5 38.0 36.9 
  109.1 111.8 126.4 129.8 118.3 106.0 38.5 40.3 61.0 60.1 35.5 34.6 
13 109.3 109.1 127.2 130.2 117.6 103.8 39.6 40.8 61.9 63.3 36.3 37.7 
  105.9 107.8 127.5 130.0 115.9 103.2 38.6 38.9 64.2 62.7 38.7 37.1 
14 104.2 107.0 127.1 129.9 115.3 102.9 39.3 38.1 66.7 62.7 41.2 37.2 
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First Test Data - Test Mode 2: 10% MS @ 60km/h 
Time 
(min) 
TTT (°C) 
Engine Oil - 
gallery (°C) 
ATF (°C) 
Ambient 
(°C) 
ATBw (°C) SAC (°C) 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
0 106.8 98.2 113.8 113.6 110.3 103.7 33.2 38.8 58.0 72.1 32.4 46.5 
  108.7 103.0 118.5 115.8 112.7 108.5 34.0 38.4 56.8 66.9 31.3 41.4 
1 109.5 106.1 121.8 117.8 114.0 112.0 33.5 39.9 55.6 65.4 30.1 39.8 
  106.7 106.2 123.8 119.9 106.3 109.7 32.2 40.5 57.0 65.9 31.5 40.3 
2 104.6 105.0 124.3 121.6 104.6 104.8 32.9 41.0 59.9 67.5 34.4 42.0 
  103.8 101.5 124.9 122.1 104.6 101.8 33.0 39.4 60.7 69.5 35.2 43.9 
3 108.9 102.8 125.8 121.8 108.1 104.0 34.2 38.9 56.9 67.6 31.4 42.1 
  109.9 106.1 126.8 122.4 108.5 105.2 34.3 38.6 55.9 64.1 30.4 38.6 
4 107.2 103.9 127.2 123.3 106.2 103.0 34.1 38.4 58.5 66.1 33.0 40.6 
  105.4 102.1 127.3 123.4 105.1 103.8 34.1 39.5 60.3 68.9 34.7 43.4 
5 104.6 106.3 127.2 123.7 104.5 105.5 33.3 39.9 60.2 65.2 34.7 39.6 
  107.0 104.1 127.7 124.2 107.2 103.3 33.0 40.2 57.6 67.7 32.0 42.1 
6 110.2 102.2 128.4 124.3 108.8 103.6 33.2 40.5 54.5 69.8 28.9 44.3 
  110.0 105.1 128.8 124.2 107.7 105.2 32.5 40.7 54.0 67.1 28.5 41.6 
7 105.6 105.5 128.7 124.7 105.2 104.5 32.7 40.3 58.6 66.3 33.1 40.8 
  104.7 101.3 128.3 124.7 104.6 102.7 32.9 39.4 59.7 69.6 34.1 44.1 
8 104.8 104.7 128.6 124.4 104.7 105.2 32.8 39.1 59.5 65.9 34.0 40.4 
  108.9 105.6 128.7 124.8 108.0 105.6 33.1 38.8 55.8 64.7 30.2 39.2 
9 110.5 101.8 129.2 124.9 109.1 102.5 32.7 38.7 53.7 68.4 28.2 42.9 
  109.3 103.9 129.7 124.6 107.3 104.8 33.0 38.5 55.3 66.2 29.8 40.7 
10 105.8 105.2 129.1 124.9 105.6 105.4 32.9 38.4 58.6 64.7 33.1 39.2 
  104.5 103.1 128.7 125.1 104.5 103.2 32.6 39.4 59.6 67.8 34.1 42.2 
11 107.7 102.7 128.8 124.5 107.6 104.3 32.4 40.0 56.2 68.8 30.7 43.3 
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First Test Data - Test Mode 3: 7.2% MS @ 80km/h 
Time 
(min) 
TTT (°C) 
Engine Oil - 
gallery (°C) 
ATF (°C) 
Ambient 
(°C) 
ATBw (°C) SAC (°C) 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
0 100.6 98.5 113.5 104.8 105.4 97.8 33.2 37.5 64.2 70.6 38.7 45.0 
  105.8 104.2 116.2 111.0 109.7 102.5 33.6 37.9 59.4 65.2 33.8 39.7 
1 106.7 106.8 119.4 116.6 103.8 105.0 33.9 38.3 58.7 63.0 33.2 37.4 
  101.3 106.1 120.4 121.0 100.0 105.1 33.7 38.6 63.9 64.0 38.4 38.4 
2 100.1 104.8 120.5 123.6 99.5 105.6 32.5 38.9 64.0 65.6 38.4 40.1 
  100.0 104.9 120.3 125.4 99.1 106.5 33.5 39.2 65.0 65.8 39.5 40.3 
3 99.6 105.4 120.3 127.1 98.8 107.6 33.7 39.5 65.7 65.6 40.1 40.1 
  99.6 106.3 120.3 128.3 98.6 108.9 33.0 39.9 65.0 65.1 39.4 39.6 
4 99.5 107.1 120.0 129.8 98.4 109.9 34.4 40.1 66.4 64.6 40.9 39.0 
  99.7 107.7 120.0 131.0 98.4 111.0 33.8 40.5 65.6 64.3 40.1 38.8 
5 99.5 108.3 120.2 131.9 98.2 111.8 34.7 39.8 66.7 63.0 41.2 37.5 
  99.4 108.6 120.2 132.6 98.3 109.9 33.3 39.2 65.5 62.1 39.9 36.6 
6 103.9 108.3 120.3 133.2 101.6 108.9 33.6 39.0 61.3 62.2 35.7 36.7 
  105.8 108.2 121.4 133.7 102.7 108.7 33.1 38.9 58.8 62.2 33.2 36.7 
7 104.7 108.2 122.1 133.9 101.5 108.7 32.8 38.9 59.6 62.3 34.1 36.7 
  104.5 108.2 122.7 134.2 101.5 108.7 33.2 38.9 60.2 62.2 34.7 36.7 
8 104.7 108.2 123.2 134.4 101.6 108.8 33.0 38.8 59.9 62.2 34.3 36.6 
  104.9 108.2 123.6 134.4 101.8 108.9 34.6 38.8 61.3 62.1 35.8 36.6 
9 104.7 108.3 123.9 134.6 101.8 108.9 34.3 38.8 61.1 62.1 35.6 36.5 
  104.8 108.3 124.0 134.4 101.8 109.0 34.4 38.8 61.1 62.0 35.6 36.5 
10 104.9 108.4 124.1 134.6 101.9 109.1 35.9 38.8 62.6 62.0 37.1 36.4 
  104.8 108.4 124.3 134.5 101.7 109.1 36.6 38.9 63.4 62.0 37.9 36.5 
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First Test Data - Test Mode 4: 5% MS @ 112km/h 
Time 
(min) 
TTT (°C) 
Engine Oil - 
gallery (°C) ATF (°C) 
Ambient 
(°C) ATBw (°C) SAC (°C) 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
0 105.2 94.9 117.4 104.8 102.4 94.8 33.9 38.4 60.2 75.0 34.7 49.5 
  106.3 98.5 120.6 109.8 102.7 97.0 33.9 38.4 59.1 71.4 33.6 45.9 
1 106.0 101.1 123.0 114.0 102.6 98.9 34.7 38.5 60.3 68.9 34.7 43.4 
  105.5 103.1 124.6 117.5 102.2 100.4 35.0 38.6 61.0 67.0 35.5 41.5 
2 105.4 104.7 125.9 120.3 102.2 101.6 34.8 38.7 61.0 65.5 35.4 40.0 
  105.4 105.7 127.0 122.6 102.4 102.0 36.0 38.8 62.2 64.6 36.6 39.1 
3 105.1 102.5 127.6 124.3 102.1 100.1 34.3 38.9 60.7 68.0 35.2 42.5 
  105.1 101.5 128.1 124.6 102.2 99.7 34.8 38.9 61.3 68.9 35.7 43.4 
4 105.2 102.7 128.5 125.0 102.3 100.7 35.4 39.1 61.7 67.9 36.2 42.4 
  105.4 104.2 129.0 126.0 102.5 101.6 35.1 39.2 61.2 66.5 35.7 41.0 
5 105.8 105.1 129.4 127.0 103.0 102.2 36.1 39.2 61.8 65.7 36.3 40.2 
  105.6 105.4 129.7 127.6 102.8 102.6 35.5 39.4 61.4 65.5 35.9 40.0 
6 105.8 105.6 130.0 128.2 103.0 102.8 35.1 39.5 60.9 65.4 35.4 39.9 
  105.8 104.0 130.0 128.8 103.0 101.7 34.9 39.6 60.6 67.1 35.0 41.6 
7 105.5 103.3 130.0 128.6 102.8 101.5 33.3 39.7 59.3 68.0 33.8 42.5 
  104.9 102.9 129.9 128.4 102.5 101.3 33.6 39.8 60.2 68.4 34.7 42.8 
8 104.9 102.8 129.9 128.2 102.3 101.3 34.3 39.8 60.9 68.6 35.3 43.0 
  104.9 102.8 129.8 128.1 102.3 101.3 33.0 39.9 59.6 68.6 34.1 43.1 
9 105.1 102.9 129.6 128.1 102.5 101.3 33.4 40.0 59.9 68.7 34.3 43.2 
  105.0 102.5 129.6 127.9 102.7 101.2 33.4 39.9 59.9 69.0 34.4 43.5 
10 105.3 102.5 129.7 127.7 102.8 101.2 33.9 40.1 60.1 69.1 34.6 43.6 
  105.9 102.6 129.7 127.7 103.3 101.2 34.5 40.2 60.1 69.2 34.6 43.6 
11 105.6 102.5 129.9 127.7 103.0 101.2 33.3 40.2 59.2 69.2 33.6 43.6 
  105.4 102.6 129.9 127.6 102.9 101.3 33.3 40.3 59.5 69.2 33.9 43.7 
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First Test Data - Test Mode 5: RL @ Vmax 
Time 
(min) 
TTT (°C) 
Engine Oil - 
gallery (°C) 
ATF (°C) 
Ambient 
(°C) 
ATBw (°C) SAC (°C) 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
0 90.0 89.3 97.7 109.7 91.1 92.8 35.0 40.8 76.5 83.0 51.0 57.5 
  95.5 94.2 102.7 111.4 93.6 94.8 36.5 40.9 72.5 78.2 47.0 52.7 
1 97.0 96.7 107.5 113.5 94.0 96.2 36.9 40.8 71.4 75.6 45.8 50.0 
  98.5 98.3 112.2 115.5 95.1 97.2 35.3 40.8 68.3 74.0 42.8 48.5 
2 99.8 99.5 115.3 117.2 96.5 98.1 36.2 40.9 68.0 72.9 42.5 47.4 
  100.9 100.3 117.9 118.4 97.5 98.7 34.9 41.0 65.5 72.2 39.9 46.7 
3 100.9 101.1 120.3 119.7 97.9 99.3 35.2 41.1 65.8 71.5 40.2 46.0 
  101.1 101.7 121.8 120.8 98.4 99.9 36.0 41.3 66.5 71.2 40.9 45.7 
4 101.7 101.3 122.9 121.8 99.2 99.5 36.3 36.7 66.1 67.0 40.6 41.4 
  102.9 100.9 123.9 122.1 100.3 99.5 37.2 39.0 65.8 69.6 40.3 44.1 
5 103.7 101.3 125.1 122.4 101.1 99.9 36.3 40.1 64.1 70.4 38.6 44.9 
  104.1 101.8 126.2 122.7 101.4 100.3 35.2 41.0 62.6 70.8 37.1 45.2 
6 104.3 102.2 126.6 123.2 102.0 100.7 36.6 40.6 63.9 69.9 38.3 44.4 
  104.0 102.5 127.4 123.7 101.7 100.9 34.2 40.6 61.8 69.6 36.2 44.1 
7 103.7 102.7 127.5 124.0 101.7 101.1 34.6 40.7 62.5 69.5 36.9 44.0 
  104.5 102.9 127.5 124.3 102.3 101.4 34.5 40.8 61.6 69.4 36.0 43.9 
8 104.2 103.1 127.8 124.6 102.2 101.6 34.5 40.9 61.9 69.3 36.4 43.8 
  103.9 103.3 127.8 124.9 102.2 101.8 33.6 40.9 61.2 69.1 35.7 43.6 
9 103.9 103.5 128.0 125.2 102.5 102.0 35.0 41.1 62.5 69.1 37.0 43.6 
  103.8 103.7 128.2 125.3 102.5 102.2 33.7 41.2 61.4 69.0 35.9 43.4 
10 104.3 103.8 128.2 125.5 102.9 102.3 33.5 41.2 60.7 69.0 35.1 43.4 
  103.9 103.9 128.4 125.8 102.7 102.4 32.9 40.0 60.5 67.6 34.9 42.1 
11 103.6 102.8 128.2 125.7 102.5 101.8 33.2 37.8 61.1 66.5 35.6 41.0 
  104.0 102.6 128.3 125.8 103.1 101.7 33.8 39.4 61.3 68.4 35.8 42.8 
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Grade load calculation for Second Test (Test mode 1 & 2) 
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Grade load calculation for Second Test (Test mode 3) 
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Grade load calculation for Second Test (Test mode 4) 
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Second Test Data: 
 
 
Second Test Data - Test Mode 1: 10% MS @ 32km/h 
Time 
(min) 
TTT (°C) 
Engine Oil - 
gallery (°C) 
Ambient (°C) ATBw (°C) SAC (°C) 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
0 103.7 98.8 108.5 86.9 40.5 38.2 68.3 70.9 42.8 45.3 
  104.7 103.0 111.2 93.8 40.9 40.6 67.7 69.2 42.2 43.6 
1 104.9 106.3 113.6 100.1 41.2 40.2 67.9 65.4 42.3 39.9 
  105.4 106.2 115.4 105.7 40.3 38.8 66.4 64.1 40.9 38.6 
2 106.0 106.0 117.1 109.5 40.5 38.3 66.0 63.8 40.5 38.3 
  106.7 106.6 118.4 112.8 39.9 40.3 64.8 65.2 39.2 39.6 
3 105.5 107.8 119.5 115.6 39.9 41.2 65.9 65.0 40.4 39.4 
  105.2 107.3 120.1 117.8 39.9 39.2 66.3 63.5 40.7 37.9 
4 104.4 106.9 120.7 119.8 41.1 38.7 68.2 63.3 42.7 37.7 
  103.6 107.2 121.2 121.2 38.3 38.4 66.2 62.7 40.6 37.2 
5 103.2 107.3 121.1 122.4 38.5 40.4 66.8 64.6 41.2 39.0 
  103.6 107.7 121.0 123.4 39.2 41.1 67.1 64.9 41.6 39.3 
6 104.1 107.8 121.2 124.3 40.1 39.3 67.6 63.1 42.0 37.5 
  104.3 107.7 121.5 125.1 40.1 38.9 67.4 62.7 41.9 37.2 
7 104.3 107.6 121.6 125.7 40.3 38.6 67.5 62.5 42.0 36.9 
  104.3 107.6 121.7 126.2 39.9 39.2 67.1 63.2 41.6 37.7 
8 104.1 107.9 121.7 126.6 40.1 41.5 67.6 65.2 42.0 39.6 
  103.8 108.1 121.7 126.8 40.1 39.7 67.8 63.1 42.3 37.6 
9 103.5 108.0 121.7 127.3 40.0 39.1 68.0 62.6 42.5 37.1 
  103.0 107.8 121.5 127.8 39.6 38.8 68.2 62.5 42.6 36.9 
10 103.0 107.8 121.4 127.9 39.7 38.6 68.2 62.3 42.7 36.8 
  103.2 107.8 121.4 128.2 39.6 40.4 67.9 64.2 42.3 38.6 
11 103.3 108.1 121.4 128.3 39.9 41.2 68.1 64.6 42.6 39.1 
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Second Test Data - Test Mode 2: 10% MS @ 60km/h 
Time 
(min) 
TTT (°C) 
Engine Oil - 
gallery (°C) 
Ambient (°C) ATBw (°C) SAC (°C) 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
0 105.1 88.5 110.4 92.2 37.6 39.5 64.0 82.5 38.5 57.0 
  108.0 93.1 114.1 95.8 37.6 39.6 61.2 78.0 35.6 52.5 
1 108.4 96.0 116.8 99.5 37.8 39.6 61.0 75.1 35.5 49.5 
  108.7 98.1 119.2 103.1 37.8 39.6 60.6 73.0 35.1 47.5 
2 109.1 99.6 121.0 106.2 37.7 39.7 60.1 71.6 34.6 46.1 
  109.1 100.7 122.4 108.3 36.9 39.8 59.3 70.6 33.8 45.1 
3 109.3 101.5 123.6 110.6 36.9 39.8 59.1 69.9 33.6 44.3 
  106.7 102.3 124.3 112.5 36.8 39.9 61.7 69.2 36.1 43.7 
4 106.0 100.0 124.5 114.1 36.7 40.0 62.2 71.5 36.7 46.0 
  106.1 98.6 125.0 115.1 36.5 40.1 62.0 73.0 36.4 47.5 
5 106.1 98.1 125.2 115.7 37.2 40.3 62.7 73.7 37.1 48.2 
  108.9 102.1 125.5 116.4 37.0 40.4 59.6 69.8 34.1 44.3 
6 109.2 104.2 126.2 117.7 37.8 40.5 60.1 67.8 34.6 42.2 
  109.3 102.8 126.5 118.8 37.4 40.5 59.6 69.3 34.1 43.7 
7 109.1 101.0 126.7 119.5 37.7 40.6 60.1 71.1 34.6 45.6 
  109.1 100.3 126.9 119.8 37.2 40.8 59.6 72.0 34.1 46.5 
8 109.1 99.9 127.0 119.9 37.0 40.9 59.5 72.5 33.9 46.9 
  108.9 99.8 127.1 120.2 37.0 41.0 59.5 72.7 34.0 47.2 
9 109.0 102.8 127.4 120.5 37.1 40.3 59.6 69.0 34.1 43.5 
  109.0 103.6 127.4 121.2 36.9 40.1 59.5 68.0 34.0 42.5 
10 108.9 103.8 127.4 121.9 37.1 40.0 59.7 67.7 34.2 42.2 
  108.9 103.8 127.6 122.3 37.0 39.9 59.6 67.6 34.1 42.1 
11 109.2 102.0 127.6 122.8 37.1 39.9 59.4 69.4 33.9 43.9 
  109.3 101.0 127.9 122.7 37.4 39.9 59.6 70.4 34.1 44.9 
12 109.3 100.4 127.8 122.7 37.8 39.8 60.1 71.0 34.5 45.4 
  109.0 100.2 127.8 122.4 37.5 39.8 60.0 71.1 34.4 45.5 
13 108.7 103.1 127.9 122.7 37.1 39.7 59.9 68.2 34.4 42.6 
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Second Test Data - Test Mode 3: 7.2% MS @ 80km/h 
Time 
(min) 
TTT (°C) 
Engine Oil - 
gallery (°C) 
Ambient (°C) ATBw (°C) SAC (°C) 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
0 97.7 94.5 105.0 102.6 36.6 38.3 70.4 75.3 44.9 49.7 
  102.4 100.0 109.7 108.4 36.3 38.7 65.4 70.3 39.9 44.7 
1 105.2 103.5 114.4 113.8 36.8 39.0 63.1 67.0 37.6 41.5 
  106.3 103.4 118.1 117.9 37.1 39.5 62.3 67.6 36.8 42.0 
2 105.7 104.0 121.4 121.2 37.2 39.9 63.0 67.4 37.4 41.9 
  106.3 105.1 123.7 123.7 37.8 40.4 63.1 66.8 37.5 41.2 
3 106.4 104.1 125.6 125.9 36.5 40.7 61.7 68.1 36.2 42.6 
  106.1 104.5 126.7 127.6 36.6 39.8 62.0 66.9 36.5 41.4 
4 106.6 104.8 127.6 128.6 36.9 39.5 61.8 66.2 36.3 40.7 
  107.3 105.0 128.5 129.4 37.2 39.4 61.4 65.9 35.9 40.3 
5 108.1 105.2 129.4 129.8 38.5 39.4 61.9 65.7 36.4 40.2 
  108.6 105.3 130.3 130.4 37.7 39.5 60.6 65.7 35.1 40.2 
6 108.4 105.5 130.8 130.7 36.5 39.4 59.7 65.4 34.2 39.9 
  108.4 105.5 131.4 131.0 36.7 39.5 59.8 65.5 34.3 40.0 
7 108.2 105.7 131.6 131.2 36.8 39.5 60.1 65.3 34.6 39.8 
  108.4 105.7 131.8 131.2 36.6 39.6 59.7 65.4 34.2 39.9 
8 109.1 105.8 132.1 131.3 37.6 39.6 60.0 65.4 34.5 39.8 
  108.9 105.9 132.4 131.5 37.2 39.7 59.9 65.4 34.3 39.8 
9 109.1 106.1 132.6 131.7 38.1 39.8 60.5 65.3 34.9 39.7 
  109.4 106.2 132.8 131.7 38.8 39.8 60.9 65.2 35.4 39.6 
10 109.7 106.5 133.0 131.9 38.8 39.9 60.7 65.0 35.1 39.4 
  109.3 106.5 133.3 132.0 37.1 39.9 59.3 64.9 33.7 39.4 
11 108.6 106.7 133.3 132.2 36.8 40.0 59.7 64.8 34.1 39.3 
  108.1 106.8 132.9 132.5 36.8 40.1 60.3 64.8 34.7 39.3 
12 107.5 106.9 132.5 132.5 37.6 40.1 61.6 64.7 36.1 39.2 
  108.0 107.1 132.5 132.6 37.8 40.2 61.4 64.6 35.9 39.1 
13 108.4 107.1 132.5 132.6 38.7 40.2 61.8 64.7 36.3 39.1 
  107.8 107.2 132.4 132.7 37.6 40.4 61.4 64.7 35.8 39.2 
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Second Test Data - Test Mode 4: 5% MS @ 112km/h 
Time 
(min) 
TTT (°C) 
Engine Oil - 
gallery (°C) 
Ambient (°C) ATBw (°C) SAC (°C) 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
0 105.0 94.2 114.3 111.4 38.2 40.9 64.7 78.3 39.2 52.8 
  107.2 99.9 118.1 114.6 37.8 41.0 62.2 72.6 36.6 47.0 
1 105.8 102.7 120.7 117.5 37.3 37.0 63.1 65.8 37.5 40.3 
  106.5 104.1 122.7 119.9 38.6 39.3 63.7 66.7 38.1 41.2 
2 107.1 104.3 124.4 122.1 38.6 40.3 63.1 67.6 37.5 42.0 
  107.3 105.0 125.6 123.9 38.0 41.2 62.2 67.7 36.6 42.2 
3 107.6 105.4 126.7 125.4 38.4 40.6 62.3 66.8 36.8 41.2 
  107.6 103.7 127.3 125.9 38.3 40.6 62.3 68.4 36.7 42.9 
4 107.7 104.1 128.0 126.6 38.5 40.8 62.3 68.2 36.8 42.7 
  107.5 105.1 128.3 127.2 37.7 40.8 61.8 67.2 36.3 41.7 
5 107.4 105.3 128.4 127.7 37.6 40.9 61.7 67.1 36.1 41.5 
  107.5 104.8 128.5 128.1 36.5 41.0 60.5 67.7 35.0 42.2 
6 107.7 105.1 128.9 128.2 38.2 41.2 62.1 67.6 36.6 42.1 
  107.6 105.6 128.9 128.7 37.4 41.2 61.3 67.2 35.8 41.6 
7 108.0 105.6 129.4 129.0 38.2 41.3 61.8 67.2 36.3 41.7 
  108.4 105.8 129.4 129.2 37.6 41.4 60.7 67.1 35.1 41.6 
8 108.3 105.9 129.9 129.5 38.7 41.5 61.9 67.2 36.4 41.6 
  107.8 106.0 130.0 129.6 38.1 41.6 61.8 67.2 36.3 41.7 
9 107.6 105.9 129.7 129.7 38.4 40.7 62.4 66.4 36.8 40.8 
  107.4 104.9 129.6 129.6 38.0 37.9 62.1 64.5 36.6 38.9 
10 106.1 104.8 129.2 129.3 37.6 39.9 63.1 66.7 37.5 41.2 
  106.0 104.9 128.4 129.2 37.2 41.0 62.7 67.6 37.2 42.1 
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Second Test Data - Test Mode 5: RL @ Vmax 
Time 
(min) 
TTT (°C) 
Engine Oil - 
gallery (°C) 
Ambient (°C) ATBw (°C) SAC (°C) 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
0 91.0 92.2 106.5 115.1 39.0 41.3 79.6 80.6 54.1 55.1 
  97.5 97.7 110.5 116.4 38.6 41.6 72.6 75.4 47.0 49.9 
1 100.3 100.7 114.4 118.3 39.5 38.8 70.7 69.6 45.2 44.1 
  101.8 101.1 117.7 120.0 39.4 39.0 69.2 69.4 43.6 43.9 
2 102.1 102.0 119.8 121.2 38.0 40.2 67.4 69.8 41.9 44.2 
  102.7 103.0 121.1 122.7 38.3 41.4 67.1 69.9 41.6 44.4 
3 103.1 103.8 123.6 123.8 38.6 41.0 67.1 68.7 41.5 43.2 
  103.2 104.2 124.7 124.7 38.0 41.1 66.3 68.4 40.8 42.9 
4 104.1 104.2 125.9 125.7 39.4 41.4 66.9 68.7 41.4 43.2 
  104.2 104.5 127.2 126.2 39.8 41.6 67.1 68.6 41.5 43.1 
5 105.6 104.7 127.9 126.7 39.0 41.8 64.9 68.7 39.4 43.1 
  104.5 104.8 128.3 127.1 38.6 40.2 65.7 66.9 40.2 41.3 
6 103.9 103.8 128.2 127.2 38.5 38.5 66.2 66.3 40.6 40.7 
  103.1 104.0 128.6 127.1 38.8 40.2 67.2 67.7 41.7 42.2 
7 103.2 104.2 128.5 127.5 38.4 41.3 66.7 68.7 41.1 43.1 
  102.6 104.5 128.8 127.4 37.7 41.1 66.6 68.2 41.1 42.7 
8 101.9 104.5 128.7 127.7 38.2 41.5 67.8 68.5 42.3 42.9 
  102.7 104.7 128.9 127.6 38.6 41.7 67.4 68.5 41.9 43.0 
9 104.4 104.8 129.2 127.9 38.6 42.1 65.7 68.8 40.1 43.3 
  104.5 104.6 129.5 128.2 38.2 37.2 65.2 64.1 39.7 38.6 
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Final Test Data: 
 
Final Test Data - Test Mode 3: 7.2% MS @ 80km/h 
Time 
(min) 
TTT (°C) 
Engine Oil - 
gallery (°C) 
Ambient (°C) ATBw (°C) SAC (°C) 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
0 89.8 95.0 83.5 80.6 38.7 38.0 80.4 74.5 54.8 48.9 
  98.3 95.2 94.2 90.3 38.9 38.2 72.2 74.5 46.6 49.0 
1 98.9 98.3 100.8 97.7 39.2 38.4 71.8 71.7 46.3 46.2 
  98.6 97.8 104.9 102.0 39.6 38.6 72.6 72.4 47.0 46.8 
2 100.2 98.9 108.4 105.7 40.0 38.9 71.4 71.6 45.9 46.0 
  101.3 98.8 111.2 108.3 40.3 39.2 70.5 71.9 45.0 46.4 
3 101.8 101.0 113.5 111.1 40.7 39.5 70.5 70.1 45.0 44.5 
  102.4 100.8 115.4 112.7 41.0 39.8 70.1 70.5 44.6 45.0 
4 103.6 102.5 116.9 114.5 41.5 40.0 69.4 69.1 43.9 43.5 
  103.4 102.0 118.0 115.6 40.0 40.3 68.1 69.8 42.6 44.2 
5 104.1 101.8 119.0 116.5 39.7 40.6 67.1 70.4 41.6 44.8 
  103.4 103.0 119.4 117.9 39.5 40.8 67.7 69.3 42.1 43.8 
6 103.4 102.6 120.0 118.3 39.4 41.1 67.5 70.1 42.0 44.5 
  102.8 102.7 120.1 118.8 39.4 39.7 68.1 68.6 42.6 43.1 
7 103.9 103.2 120.7 119.5 39.3 39.3 67.0 67.7 41.4 42.2 
  103.6 102.5 120.9 119.7 39.4 39.0 67.4 68.0 41.8 42.5 
8 104.3 104.3 121.5 120.5 39.2 39.0 66.5 66.2 41.0 40.7 
  103.5 103.0 121.6 120.7 39.4 39.4 67.4 68.0 41.9 42.4 
9 103.2 102.4 121.6 120.6 39.3 40.3 67.6 69.4 42.1 43.9 
  103.8 102.3 121.8 120.5 39.3 40.6 67.0 69.9 41.5 44.3 
10 103.8 102.3 121.9 120.4 39.3 41.0 67.0 70.2 41.5 44.7 
  103.6 102.5 121.9 120.5 39.5 40.6 67.4 69.7 41.8 44.2 
11 103.9 102.2 122.2 120.4 39.4 40.0 67.0 69.3 41.5 43.8 
  103.3 104.2 122.1 121.0 39.4 39.7 67.7 67.0 42.1 41.5 
12 104.0 102.8 122.3 120.9 39.5 39.5 67.0 68.2 41.5 42.7 
  103.9 102.3 122.4 120.7 39.5 39.5 67.2 68.7 41.6 43.2 
13 103.9 101.7 122.3 120.6 39.6 39.4 67.3 69.2 41.7 43.7 
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Final Test Data - Test Mode 4: 5% MS @ 112km/h 
Time 
(min) 
TTT (°C) 
Engine Oil - 
gallery (°C) 
Ambient (°C) ATBw (°C) SAC (°C) 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
0 92.5 90.8 94.7 90.2 38.7 41.0 77.8 81.7 52.3 56.2 
  96.0 95.2 100.5 97.0 39.1 41.3 74.6 77.6 49.1 52.1 
1 98.2 97.4 105.0 102.0 39.5 40.8 72.8 74.9 47.3 49.4 
  98.0 97.0 107.6 105.3 40.0 40.4 73.5 74.9 48.0 49.4 
2 99.0 98.0 109.8 107.8 40.5 40.3 73.0 73.8 47.5 48.3 
  99.9 98.5 111.8 109.7 40.9 40.3 72.5 73.3 47.0 47.8 
3 100.9 98.7 113.4 111.2 41.3 40.4 71.8 73.2 46.3 47.7 
  101.2 98.9 114.6 112.5 40.8 40.4 71.1 73.1 45.6 47.6 
4 101.3 99.8 115.7 113.3 40.4 40.7 70.7 72.4 45.1 46.9 
  100.9 99.0 116.3 113.8 40.3 40.6 70.9 73.2 45.4 47.6 
5 101.0 100.9 116.8 114.9 40.1 40.8 70.6 71.4 45.1 45.8 
  101.8 99.6 117.4 115.1 40.1 40.8 69.8 72.7 44.3 47.2 
6 101.3 101.0 117.6 116.0 40.2 41.0 70.4 71.6 44.9 46.0 
  101.3 100.0 118.0 116.1 40.2 41.1 70.5 72.6 45.0 47.1 
7 101.1 100.9 118.0 116.8 40.3 41.1 70.7 71.7 45.2 46.2 
  101.4 100.2 118.1 116.7 40.3 41.3 70.4 72.6 44.9 47.1 
8 102.3 101.2 118.4 117.3 40.4 41.4 69.7 71.8 44.2 46.2 
  101.6 100.6 118.5 117.1 40.4 41.5 70.3 72.4 44.8 46.9 
9 101.8 102.8 118.8 117.7 40.6 41.7 70.3 70.4 44.8 44.9 
  101.8 101.3 118.7 117.6 40.6 41.7 70.4 72.0 44.8 46.4 
10 101.9 100.8 118.8 117.5 40.7 41.8 70.4 72.5 44.9 46.9 
  101.8 102.4 118.8 118.0 40.8 42.1 70.5 71.2 45.0 45.7 
 
 
 
 
 
 
 
 
 
 
 
 
 
Final test data   Appendix D 
174 
 
 
 
Final Test Data - Test Mode 5: RL @ Vmax 
Time 
(min) 
TTT (°C) 
Engine Oil - 
gallery (°C) 
Ambient (°C) ATBw (°C) SAC (°C) 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
T 
Dyno 
R 
Dyno 
0 92.6 90.2 98.7 102.7 40.6 41.4 79.5 82.7 54.0 57.2 
  96.3 96.5 103.6 106.6 40.6 41.5 75.8 76.5 50.3 50.9 
1 98.7 98.8 107.3 109.6 40.8 41.6 73.6 74.3 48.1 48.8 
  98.9 98.2 109.8 111.2 40.9 41.8 73.5 75.1 48.0 49.6 
2 99.2 98.7 111.4 112.4 41.1 41.9 73.4 74.7 47.8 49.2 
  99.9 99.4 112.7 113.3 41.1 42.1 72.8 74.2 47.2 48.7 
3 100.5 98.7 113.7 113.8 41.3 41.8 72.3 74.6 46.8 49.1 
  100.8 98.8 114.5 114.1 41.5 41.7 72.2 74.5 46.6 48.9 
4 100.7 99.2 115.2 114.5 41.6 41.5 72.5 73.8 46.9 48.3 
  101.1 99.6 115.7 114.9 41.7 41.4 72.2 73.3 46.7 47.8 
5 101.3 99.5 116.1 115.2 41.9 41.6 72.1 73.6 46.6 48.1 
  101.4 99.5 116.3 115.3 41.9 41.8 72.1 73.8 46.5 48.2 
6 101.2 99.9 116.5 115.6 42.1 41.9 72.5 73.6 46.9 48.0 
  100.9 100.2 116.6 115.8 42.2 42.2 72.9 73.6 47.4 48.1 
7 101.1 99.6 116.8 115.8 42.3 41.2 72.7 73.2 47.2 47.6 
  100.5 99.0 116.6 115.6 42.4 41.3 73.5 73.8 47.9 48.3 
8 100.7 99.3 116.7 115.6 41.7 41.2 72.6 73.4 47.0 47.9 
  100.6 99.8 116.7 115.7 41.7 41.5 72.6 73.3 47.1 47.8 
9 100.7 99.9 116.8 115.8 41.8 41.5 72.6 73.2 47.1 47.7 
  101.0 100.1 116.9 115.9 41.9 41.8 72.4 73.3 46.9 47.8 
10 101.0 100.2 116.9 116.0 42.1 42.0 72.6 73.3 47.0 47.8 
  101.3 99.9 117.0 115.9 42.2 42.3 72.5 74.0 46.9 48.5 
11 101.0 99.6 117.0 116.0 36.1 36.8 66.7 68.7 41.1 43.1 
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14 Rules for Improving Engine Cooling System Capability in High-Performance 
Automobiles 
Produced by the National Automotive Radiator Association (NARSA) and by Richard F. 
Crook, Transpro, Inc. 
 
- IMPROVEMENT RULE # 1 - 
Anything you can do to increase the coolant flow rate, within limits described, will improve heat 
transfer and cooling performance.   
Anything you do to restrict or reduce the coolant flow rate will hurt cooling performance 
 
-Improvement Rule #2- 
Anything you can do to improve airflow through the radiator core will help.   
Anything that blocks or slows airflow, either before or after the radiator, will hurt. 
 
-Improvement Rule- #3 
Increasing the face area of the radiator by making the radiator larger will help.   
Relocating other heat exchangers that were in front of the radiator in order to expose more 
radiator face area to ambient cooling air will also help. 
 
-IMPROVEMENT RULE- #4 
Increasing the fin count may help, but it may hurt.  Increasing the count above 16 fins per inch 
will almost always hurt. 
 
 
 
14 Rules for improving engine cooling system   Appendix E 
177 
 
 
-IMPROVEMENT RULE- #5 
A plate fin radiator and a serpentine fin radiator of the same fin count, tube size, tube rows, face 
area, core depth, etc., will have the same heat transfer performance.  However, serpentine fin 
radiators can be made with higher fin counts, sometimes resulting in improved performance. 
 
 -IMPROVEMENT RULE-#6 
Louvered fins provide greatly improved heat transfer with some increase in cooling air 
restriction.   
Changing from a non-louvered radiator to a louvered radiator core almost always improves heat 
transfer performance. 
 
-IMPROVEMENT RULE- #7 
Adding a row of tubes may help, but it may hurt by increasing cooling air restriction and 
reducing the coolant flow rate in the tubes.   
If the cooling airflow has been increased over the original installation, adding a row or two will 
probably help in this situation.  
Increasing the number of rows beyond 4 in a louvered fin core will almost always hurt. 
 
-IMPROVEMENT RULE- #8 
Adding two rows of tubes without increasing the coolant flow rate (Bigger pump or turning the 
old pump faster) will probably reduce performance because of low coolant flow rate in the 
tubes.   
Reducing the tube size or going to dimple tubes may help. Increasing the coolant flow rate will 
surely help. 
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-IMPROVEMENT RULE- #9 
For maximum heat transfer performance in warm Climates, use water as a coolant with an 
additive to provide a corrosion inhibitor and water pump lubricant.   
For winter service, use 50/50 water to ethylene glycol coolant solution that includes corrosion 
inhibitors and a pump lubricant 
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Global Market Analysis [20] 
Question: What will happen to the traditional cooling system with hybrids and full electric 
vehicles taking over the future of the automobile industry? Will there still be a need for a cooling 
system? Global market review of automotive engine-cooling systems – forecasts to 2016 
“Given the current state of the industry, just-auto has completely revised its estimates and 
forecasts of the OE engine cooling market volumes and values. This report therefore sets out 
our revised forecasts for engine cooling for passenger car vehicle assembly in North America, 
Western Europe and Japan from 2005 through to 2016. In addition, and given the sheer 
volatility of the global economy at present, we have set out an „expected-‟, „best-‟ and „worst-
case‟ scenario applied to OE passenger car radiators and engine cooling modules. On balance, 
we believe this will provide a more realistic framework for our component forecasts. 
Our forecasts are not extrapolative but dependent on the underlying drivers of supply and 
demand. They are largely based on interviews with our extensive international network of 
industry contacts. This allows us to consider and explain the meaning and implications of 
industry events. Report extract: Although hybrids have not really created a substantial change in 
the heat transfer philosophy of the engine, we asked manufacturers if this technology has 
created the need for additional product on the electronic side of the system. In an exclusive 
interview with just-auto, Dr Simon Edwards, director of advanced engineering, Engine Cooling, 
Behr Group, told us: “Yes, there are additional cooling requirements for battery cooling and 
power electronics/converter cooling. Li-Ion batteries have an upper temperature limit of around 
40º C. High temperatures reduce the lifetime of the battery. Under warm Climatic conditions the 
Li-Ion battery therefore has to be cooled with the aid of the air conditioning system. Converter 
cooling requires a coolant temperature of around 60ºC; therefore so called low-temperature 
radiators are required in addition to the normal power train radiator.” 
